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March 21, 2019

British Columbia Utilities Commission

Suite 410, 900 Howe Street
Vancouver, B.C.

V6Z 2N3
Attention:

Dear Mr. Wruck:

Re: FortisBC Inc. (FBC)
Project No. 1598987

Doug Slater
Director, Regulatory Affairs

Gas Regulatory Affairs Correspondence
Email: gas.regulatory.affairs@fortisbc.com

Electric Regulatory Affairs Correspondence
Email: electricity.requlatory.affairs@fortisbc.com

FortisBC

16705 Fraser Highway

Surrey, B.C. V4N OE8

Tel: (778) 578-3874

Cell: (778) 214-3842

Fax: (604) 576-7074

Email: doug.slater@fortisbc.com
www.fortisbc.com

Mr. Patrick Wruck, Commission Secretary and Manager, Regulatory Support

Application for a Certificate of Public Convenience and Necessity (CPCN) for
the Grand Forks Terminal Station Reliability Project (the Application)

Response to the British Columbia Utilities Commission (BCUC) Information

Request (IR) No. 2

On November 19, 2018, FBC filed the Application referenced above.
BCUC Order G-43-19 setting out a further Regulatory Timetable for the review of the
Application, FBC respectfully submits the attached response to BCUC IR No. 2.

If further information is required, please contact the undersigned.

Sincerely,

FORTISBC INC.

Original signed:

Doug Slater

Attachments

cc (email only): Registered Parties
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1 A PROJECT NEED AND EXISTING SYSTEM

2 17.0 Reference: RISK OF FAILURE
3 Exhibit B-2, BCUC IR 2.3
4 GFT T1 Risk of Failure Limit
5 In FortisBC Inc.’s (FBC) response to British Columbia Utilities Commission (BCUC)
6 information request (IR) 2.3, FBC states:
7 FBC considers that an acceptable risk of failure (RoF) for a transmission station
8 should be no higher than 2 percent based on industry standards. The RoF for
9 GFT T1 is higher than this and was calculated by ABB as 2.6 percent.
10 17.1 Please indicate whether the 2 percent Risk of Failure (RoF) included in FBC’s
11 response applies to the entire substation or to the individual transformers.
12

13 Response:

14  The calculated 2.6 percent risk of failure (RoF) applies to the GFT T1 transformer. However,
15 due to the fact that Grand Forks station has only a single 161/63 kV transformer, the RoF for the
16  entire station is assumed to be 2.6 percent.

17
18

19

20 17.1.1 In either scenario, please discuss how this RoF compares to the
21 industry practice.

22

23 Response:

24 In the discussion below, the Probability of Failure (PoF) has the same meaning as the RoF.

25 The CEATI report “Translating the Health Index Into Probability of Failure” states that,

26 ...even if it were possible to calculate a PoF accurately, an acceptable PoF
27 would need to be determined for each individual asset. A PoF of 2% may be
28 acceptable for a transformer located in a substation with no immediate neighbors
29 and supplying non-critical load, but would probably not be acceptable for a
30 transformer located in a densely populated area supplying the central business

31 district of a major city. Other factors to consider would be the location within the
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system, the redundancy in the system, the availability of a spare transformer or
spare components, etc.!

FBC has concluded that a risk of failure higher than 2 percent for GFT station is not acceptable.
ABB calculated the RoF for GFT T1 to be 2.6 percent.

Please refer to Attachment 17.1.1 for a copy of the CEATI report Tl 63700-30/113.

17.1.2 If the RoF applies to the entire substation, please provide the station
RoF if Oliver T1 transformer (OLI T1) was installed as a second
transformer at Grand Forks Terminal (GFT) as proposed in Alternative
A

Response:

FBC has not performed a risk of failure analysis for OLI T1 and, therefore, cannot provide the
RoF for the entire substation if OLI T1 were to be installed as the second transformer.

However, due to the installation of the second transformer (which meets single contingency N-1
planning criteria), the risk of a customer outage will be reduced because in the event of an
individual transformer outage, the Grand Forks area load can be supplied from the second
transformer.

17.1.3 If the RoF included in FBC's response applies to the individual
transformers, please explain why FBC is proposing to keep GFT T1 in
service despite exceeding the industry standard for RoF.

Response:

Please refer to the responses to BCUC IRs 2.17.1.1 and 2.17.1.2.

1 CEATI International Inc., Report No. Tl 63700-30/113, Translating the Health Index into Probability of
Failure, page 18
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18.0 Reference: OLIT1FIELD INSPECTION ASSESSMENT REPORT
Exhibit B-2, BCUC IR 2.7, 2.9
Exhibit B-1, Section 3.4, p. 24
OLI T1 Condition and Installation

In FBC’s response to BCUC IR 2.9, FBC states, “Annual lab results indicate no change
in unit health and therefore FBC believes that storing OLI T1 on-site for 10 years has not
negatively impacted the serviceable lifespan of OLI T1.”

In FBC’s response to BCUC IR 2.7, FBC states, “FBC expects the life of the two
transformers to be extended if they are operated in parallel, evenly sharing the load...”

On page 24 of the FBC Certificate of Public Convenience and Necessity Application for
the GFT Reliability Project application (Application), FBC outlines the following plan of
transformer additions for Alternative B:

. Year 10 — Replace GFT T1 with OLI T1
. Year 25 — Replace OLI T1 with new transformer

18.1 Please confirm that FBC expects no change in transformer health to OLI T1
between now and its proposed installation at GFT in 10 years or later, if the
service life of GFT T1 is extended.

Response:

Not confirmed. FBC expects some change in transformer health to OLI T1 as time progresses.

However, it is expected that with proper maintenance, the extended storage of OLI T1 at Grand
Forks Terminal Station will not have a significant impact on the overall remaining unit life
expectancy.

With a new transformer in place as set out for Alternative B, the risk of using the older
transformers (GFT T1 and then OLI T1) is lower than using GFT T1 and OLI T1 together (as in
Alternative A).
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1 19.0 Reference: PROJECT NEED AND EXISTING SYSTEM

2 Exhibit B-2, BCUC IR 2.10, 2.10.1

3 Spare Transformers

4 In response to BCUC IR 2.10, FBC states “OLI T1 is currently designated as an

5 emergency spare in the FBC system. There are two other stations in FBC’s system for

6 which OLI T1 could potentially be used.”

7 In response to BCUC IR 2.10.1, FBC states:

8 OLI T1 is the only designated emergency spare for the two other stations noted

9 in the response to IR 1.2.10. FBC is currently developing a spare parts
10 equipment strategy that evaluates the impact on system performance for the
11 unavailability of certain major transmission equipment, including the transformers
12 for which OLI T1 is a potential spare.
13 19.1 If OLI T1 is installed permanently at GFT, as in Alternative A, please explain the
14 sparing strategy for the other two stations in FBC’s system where OLI T1 is
15 currently designated as an emergency spare.
16

17 Response:

18 This response is being filed confidentially pursuant to section 18 of the BCUC’s Rules of
19  Practice and Procedure regarding confidential documents adopted by Order G-15-19 because it
20 contains sensitive system and operational information about FBC'’s critical assets that, if
21  disclosed, could jeopardize the safety, security, and operation of FBC’s transmission system.

22
23
24
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27
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31
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33
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19.1.1 Please provide the name, location, current age and risk of failure for the
transformers at the other two stations where OLI T1 is designated as an
emergency spare.

Response:

The transformers for which OLI T1 is designated as an emergency spare are identified in the
confidential response to BCUC IR 2.19.1. As explained in the response to CEC IR 1.10.2
(Exhibit B-5), FBC does not calculate the RoF for all equipment or stations. An independent
consultant will be contracted to perform the RoF calculations only if unusual trends are
discovered through regular maintenance.

19.1.2 Please explain the risks to FBC’s operations if OLI T1 is not available
as an emergency spare.

Response:

Please refer to the confidential response to BCUC IR 2.19.1.

19.1.3 Please explain whether there are other similarly sized spare
transformers in the FBC system that could be used as emergency spare
transformers at GFT and the other two stations referenced in the
preamble, if OLI T1 was not available.
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Response:

FBC does not own any other spare transformers with a similar size and voltage level.
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20.0 Reference: OLIT1FIELD INSPECTION ASSESSMENT REPORT

Exhibit B-4, BCOAPO IR 6.1, p. 8; Exhibit B-1, Appendix D - ABB OLI
T1 Field Inspection Assessment Report, p. 5

OLI T1 Condition

In FBC’s response to British Columbia Old Age Pensioners' Organization et al.
(BCOAPO) IR 6.1, FBC states:

Inspection of the load tap changer by ABB revealed the possibility that acetylene
was originating from the tap changer compartment. Given these findings, FBC
investigated repairing the load tap changer. Based on the known history of the
unit, the only realistic operation would have been an onsite load tap changer
replacement. Considering OLI T1 was an emergency spare at the time, FBC
deemed this approach too costly.

FBC plans to replace the load tap changer if OLI T1 is refurbished and installed
as the second transformer at GFT.

On page 5 of Appendix D of the Application, in the condition report for OLI T1, ABB
states:

20.1

Response:

The tap selector and contactor assembly were inspected; contact wear is normal
with no sign of arcing on the main and selector contacts. Spring and contact
pressure is good. Inspection of the tap changer switch components including
geneva gears and drivers, push rods, bearings, levers, and operating shafts
revealed no abnormal wear or defects. Inspection of mechanical fasteners
revealed no loose, broken or missing components.

... The motor drive mechanism appeared in generally good condition for the age
of tap changer. The tap changer was operated through all positions, end stops
functioned correctly, dynamic brake operated correctly, limit switches and cams
are secure and operate correctly, and the drive shaft oil seal shows no signs of
oil leak.

Please explain the reasons for FBC’s plans to replace the load tap changer of
OLI T1, with respect to the ABB inspection report or other inspection results.

The ABB OLI T1 Field Inspection Report indicated that the seal between the main tank and the
Load Tap Changer (LTC) is leaking. Addressing this oil leak requires an extensive scope of
work and removal of the existing LTC.
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In the report, ABB does not specifically refer to the arcing contacts of the LTC. However, this
component wears with each operation and should be replaced every 500,000 operations. The
OLI T1 LTC has operated 653,000 times. FBC has also identified issues with the LTC motor
and gear mechanism. Additionally, the OLI T1 LTC is obsolete and is not supported by its
original manufacturer.

Since the LTC has to be removed to undergo exhaustive work in order to repair the issues
described above, FBC considers replacing the LTC to be the preferred solution.
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1 B. CONSULTATION PROCESS

2 21.0 Reference: Consultation
3 Exhibit B-2, BCUC IR 5.4
4 Indigenous Consultation
5 In response to BCUC IR 5.4, FBC states “FBC sent a letter on November 22, 2018 to the
6 same list of affected Indigenous communities as included in Section 4.1.1 of the
7 Application”.
8 21.1 Please provide a copy of the November 22, 2018 letter sent to the affected
9 Indigenous communities.

10

11 Response:

12 A copy of the letter is provided below.
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Biair Weston ForlsBC Inc.
Community and Indigencus 038 Front Sreet
Retaionss Manager Metson B VAL 402
FORTIS nc FarisBC 250-231-0176
biair westong@tortishe, com
Wl SorIBbC. oo

DATE
Address

Attention: X000

As a follow up to our letter dated July 13, 2018 regarding FortisBC's proposed Grand Forks
substation upgrade and line rehabilitation we would like to let you know that our Certificate of Public
Comvenience and Necessity (CPCHM) application was submitied to the BC Utilities Commigsion
(BCUC) on November 19th 2015,

The majority of the upgrade is installing a new transformer at the Grand Forks Terminal Station. All
this work will be done within the cumrent substation footprint. Along with the transformer replacement
there will be transmizzion modifications in order o alleviate system constraints, maintain customer
reliability, and reduce cngoing maintenance on the fransmission lines.

The transmizgion modifications include the salvage of two power lines from Cascade Substation in
Roszsland to Christina Lake. The copper transmission conductor and any poles that do not have
distribution underbuild can be salvaged, with the remaining structures rehabilitated. Some of the
poles that will be awitched to distribution are at end of life will need to be replaced which means the
setting of new poles.

As a regulated utility, we must have projects like this reviewed and approved through a rigorous and
transparent process with the BCUC. If FN Community wishes to register as an interested party or
submit a request fo intervene in the application process, information on how to get involved can be
found at www_bouc.com. All related documents filed on the public record are on the “Current
Proceedings” page on the Commissions website.

If the application is approved, construction work will take place between 2020 and 2021.

If you have amy guestions about this project please contact me at blair weston@fortisbe.com or at
250231 0176

Sincerely,

Blair Weston
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21.2 Please indicate if FBC has received a response from any of the Indigenous
communities who received the November 22, 2018 letter.
Response:

FBC has not received any responses to its letter of November 22, 2018.

21.2.1 If responses have been received, please provide details of each
response.

Response:
Please refer to the response to BCUC IR 2.21.2.

21.2.2 If FBC did not receive any response from the Indigenous communities,
please indicate if FBC has followed up to ensure these communities
received the notification.

Response:

FBC has not followed up on its filing notification to see if other communities that have not
contacted FBC have received the notification; however, FBC is in continued discussion with the
Osoyoos Indian Band (OIB) about the project. Because the OIB is the Lead Band for the
Okanagan Nation, FBC determined that no follow up to the CPCN filing notification was needed.

21.2.2.1 If FBC has followed up, please indicate the method of
notification (i.e. phone call, email, letter).
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1
2 Response:

3  Please refer to the response to BCUC IR 2.21.2.2.

4
5

6

7 21.2.2.2 If FBC has not followed up, please indicate why FBC did not
8 follow up further.

9

10 Response:
11 Please refer to the response to BCUC IR 2.21.2.2.

12
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22.0 Reference: Consultation
Exhibit B-2, BCUC IR 6.1
Public Consultation

In response to BCUC IR 6.1, FBC states:

FBC believes that a broader public consultation is not required, but rather FBC
will directly contact those residents and commercial businesses that would have
some limited impact during construction. As mentioned in response to BCOAPO
IR 1.14.1, FBC has already begun contacting residents in the area to discuss
their concerns with the project... The letters of comment in Exhibits D-1-1 and E-
1 through E-6 focus on three concerns of local residents in the Copper Ridge
Subdivision regarding the current and future work at the substation:

a. Potential increased noise levels;
b. Increase in the amount of outdoor lighting; and
c. Impact on property values and resale value of properties.

FBC considers community impacts when designing and constructing substations
equipment within residential areas... FBC plans to construct an engineered sound wall
around the new GFT T2 transformer similar to that installed around the existing
transformer to absorb and re-direct any sound away from the Copper Ridge residential
area, which will minimize noise from the new transformer. Evening lighting will not
increase at the substation as a result of installing the new transformer. The additional
lights that will be installed during construction will only be turned on during the evening
hours if an emergency occurs or crews are required to perform work during the evening
hours, thereby minimizing any concerns about increased lighting.

22.1 Please indicate if noise levels will change as a result of the proposed GFT
Station Reliability Project (Project).

Response:

There may be a change to noise levels at GFT on a permanent basis with the installation of the
second transformer (for either Alternative A or B) as proposed in the Application. FBC is
unable to quantify the potential change in noise levels at this time, as the transformer noise will
vary depending on electrical loading of the transformers and operation of the cooling
fans. Since FBC expects to operate both transformers (at reduced loads compared to carrying
the full load on GFT T1) it is possible that transformer and cooling fan noise will be reduced. In
any event, as explained in the response to BCUC IR 1.6.1 (Exhibit B-2), the additional noise
levels will be mitigated to the extent possible. The transformer will include a reduced noise level
specification, as is FBC’s usual practice when designing and constructing substations
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equipment within residential areas, and FBC plans to construct an engineered sound wall
around the new GFT T2 transformer similar to that installed around the existing transformer.

22.1.1 If yes, please describe in detail any change in noise levels from the
current level as a result of the proposed Project.

Response:

Please refer to the response to BCUC IR 2.22.1.

22.1.1.1 Please indicate if these changes are temporary or permanent
in nature.
Response:

Please refer to the response to BCUC IR 2.22.1

22.2 Please indicate if lighting at the substation will change from the current level as a
result of the proposed Project.

Response:

FBC plans to add four new lights to the area around the new equipment at the station on a
permanent basis. However, these lights will be used during evening construction or during an
emergency event. FBC confirms that the residents will not see any increase in the lighting
during normal operation.

22.2.1 If yes, please describe in detail any change in lighting that may occur.
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1 Response:

2  Please refer to the response to BCUC IR 2.22.2.

3

4

5

6 22.2.1.1 Please indicate if these changes are temporary or permanent
7 in nature.

8

9 Response:

10 Please refer to the response to BCUC IR 2.22.2.

11
12

13

14 22.3 Please indicate how many residents and commercial businesses will be impacted
15 by the proposed Project.

16

17 Response:

18  While it is difficult to determine how many residents and commercial businesses will be directly
19 impacted by the minimal changes to the noise or lighting levels, there are 41 addresses within
20 250 meters of the substation. All are residential except for one belonging to the Grand Forks
21  Irrigation District.
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1

2

3

4

5 22.3.1 Please confirm that FBC has contacted all of the residents that will be
6 impacted by the proposed Project to discuss their concerns.

-

8 Response:

9 Confirmed. FBC sent letters to all customers within 250 meters of the substation (a copy is
10  provided in the response to BCUC IR 2.22.3.1.2). In addition, FBC contacted by telephone or
11  voicemail those customers who filed letters of comment in this proceeding.

12
13

14
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1 22.3.1.1 If not confirmed, please indicate how many residents and
2 commercial businesses have been contacted and provide a
3 timeline of when the other affected parties will be contacted.
4
5 Response:
6  Please refer to the response to BCUC IR 2.22.3.1.
7
8
9
10 22.3.1.2 Please provide a copy of communication sent to the residents
11 and commercial businesses.
12

13 Response:

14 A letter sent to customers is provided below.



& FORTISBC

FortisBC Inc. (FBC or the Company) Submission Date:

Application for a Certificate of Public Convenience and Necessity (CPCN) for the Grand March 21. 2019
Forks Terminal Station Reliability Project (the Application) !

Response to British Columbia Utilities Commission (BCUC) Information Request (IR)

No. 2 Page 19
Blair Weston FortleBC Inc.
Community and indigenous 0038 Front Srect
Mekson BC WL £02
FORTIS nc mhﬂﬂﬂ 250-231-0176
blalr westom@roriste, com
wiw_forisbe.com

March 8, 2019

Address

Attention: RlEHx

We are planning work in your neighborhood

FortisBC is in the planning stages of installing a new transformer at its substation on Morth Fork
Road just outside Grand Forks BC. This fransformer addition iz part of a larger project needed to
increase FortisBC system reliability in the Boundary region.

What does this mean for you?

During the planning process, FortisBC has heard some community concems around perceived
additional lighting and noige at the substation once the new transformer has been installed.

Lighting—L_ighting at the substation will not be increased. In fact, all FortisBC substations
are undergoing new lighting designs, which generally decreases fight pollution in the area.
FaortisBC will do a new lighting design as part of the Grand Forks project.

Moise—, FortisBC plans to mitigate any new noise as much as possible. This will mean

installing a transformer that is rated for noize levels within a residential area, as well as

constructing a sound barrier at the station to minimize noise impacts to the community.
FortizsBC k= currently seeking approval from the British Columbia Utility Commizsion to underiake this

process. If approved FBC plans to begin consiruction at the end of the third guarter of 2019, and iz
expecting to have the new transformer in service by the third quarter of 2020.

If wou have amy guestions regarding thiz project, please contact me directly at 1-230-231-0176.

Sincerely,

E - : .

Blair Weston
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C. PROJECT DESCRIPTION AND PROPOSED ALTERNATIVES

23.0 Reference: ALTERNATIVES AND RECCOMENDED SOLUTION

Exhibit B-6, Industrial Customers Group IR 10.1, p. 32

Remote Disconnect Switches

In FBC’s response to Industrial Customers Group (ICG) IR 10.1, FBC states:

23.1

Response:

Adding a motor operator to the existing switches may be technically feasible. To
meet the communication requirements to operate it remotely either fibre or cell
communications would be required. Since there is no fibre network at these sites,
it would be necessary to use cell communications. However, due to the
remoteness of these areas, even cell communications may have limited reliability
at these sites. Additionally, FBC has historically had issues with cell
communication networks being used on remote switching applications.

Assuming FBC could meet communications requirements to install remotely-
operated disconnect switches, please discuss how the installation of remotely-
operated switches would affect reliability for lines 9L and 10L, and estimate any
impact this would have on O&M costs.

Although FBC stated in its response to ICG IR 1.10.1 that the remote operation of the
disconnect switches “may be technically feasible”, it does not consider remote operation to be
operationally preferable for the reasons described in that response. Even if remote operation
were operationally preferable, FBC is unable to quantify the impact on reliability, as it would be
dependent upon the causes and locations of outages. Additional O&M costs would be required
due to routine and annual maintenance of such switching sites.
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NOTICE

This report was prepared by the CONTRACTOR and administered by CEATI International Inc.
(“CEATI”) for the ultimate benefit of CONSORTIUM MEMBERS (hereinafter called
“SPONSORS”). Neither CEATI nor the SPONSORS necessarily agree with the opinions expressed
herein.

Neither the SPONSORS, CEATI, the CONTRACTOR, nor any other person acting on their behalf
(2} makes any warranty, express or implied, or assumes any legal responsibility for the accuracy of
any information contamed in this report ot for the completeness or usefulness of any apparatus,
product or process disclosed in the report, (b) accepts any liability for the use of, or damages
resulting from the use of this report or any apparatus, product or process disclosed in this repoit or
(c) represents that the use of such apparatus, product or process would not infringe upon the rights
of third parties.

Furthermore, the SPONSORS, CEATI and the CONTRACTOR HEREBY DISCLAIM ANY
AND ALL WARRANTIES, EXPRESSED OR IMPLIED, INCLUDING THE WARRANTIES
OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE, WHETHER
ARISING BY LAW, CUSTOM, OR CONDUCT, WITH RESPECT TO ANY OF THE
INFORMATION CONTAINED IN THIS REPORT. In no event shall the SPONSORS, CEATI
or the CONTRACTOR be liable for any direct, special, indirect, incidental or consequential
damages resulting from the use or alleged use of any information contained in this report.

Copyright € 2018 CEATI International Inc. All rights reserved.
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ABSTRACT

Tlus report looks at the origins and roles of Asset Health Indices (AHIs) and their use in the electric
supply industry. It includes examples of systems in use, identifies the shortcomings associated with
many AHIs, and suggests how to develop an AHI in a way which preserves calibrated timescales and
uigency as well as allows for a derivation of an asset probability of failure (PoF).

The report also includes statistics of failures and failure modes, along with background information
on the asset management framework and regulatory drivers associated with the origin and
application of asset health indices.

The literature review discusses the problems generated by weighted systems not having a monotonic
relationship between the score and actual condition, and thus the AHI not having a clear
relationship with the PoF; the AHI must address a specific problem clearly. Furthermore, age should
be an mdicator of operational stress rather than a direct cause of deterioration. The use of age as a
factor in condition calculations, however, is self-fulfilling: if older assets are assumed to be in worse
condition and get replaced, the overall population is improved, even if replacements are made at
random.

Examples of systems in practice show the influence of weighted system development, particularly
using versions of a popular approach: a normalized 1-100 scoring system, where 100 is “as new”.
Weighted systems have a tendency to dilute any urgent condition and result in a system that is not
MoNotoIc. A Worse score is not necessarily a worse asset condition, and any sense of wrgency is
usually lost in the calculation. The assumption that the weighted score represents an average
conditton does not take into account that failure does not necessarily occur on average, but rather
via patticular failure modes. Other systems tend to be more focused on a particular application.
Many systems confuse asset condition with consequence of failure and thus become a more general
indicator of a risk, as they do not supply either independent PoF or consequence of failure.

A few systems do claim to have a formulaic approach, which moves from Asset Health Index to
Probability of Failure. The math and process of these systems are cleax, but they are not, in the
authors’ opiuion, valid or reasonable: this is because there are many unjustified values in the
calculations; there are pumerous untenable assumptions; and there are many unreferenced
statements that lack authority.

An approach that uses the statistics of a population to monotonically rank assets in order of
condition may be married to a known and slowly changing population to allow for categories of

assets with bounds on their probability of failure, supported by history and industry statistics.

Keywords:

Health Index, Asset, Probability of Failure
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EXECUTIVE SUMMARY

Asset Health Indices (AHIs) are becoming more common, as they can be used for asset condition
ranking, allowing for short-term intervention and long term planning. AHIs use well-understood
analytics on known data: the resulting AHI should therefore not be a surprise. However, an AHI is
still, in fact, a model of the actual health of the asset, and to quote a statistician, “All models are
wrong, Some models are useful'”.

Tlus report:

— Reviews the theory and practice of AHI development and deployment;

— Looks at practical examples and their shortcomings;

— Identfies issues with AHI systems in general; and

— Suggests developing an AHI that is justifiable, built on calibrated timescales for action, and
which preserves a sense of nrgency, thus allowing for derivation of a probability of failure

{PoF).

An AHI compresses a significant amount of data into a single number in order to address a given
question. In doing so, some information is lost in the hope that the resulting number provides value
mn and of itself. Generally, some approaches to the amalgamation of data and that subsequent
production of an AHI may not be meaningful or justifiable. If an AHI is scaled 1-10, it must be clear
what a scote of 6 means in terms of timescale, and the data must identify a failure mode to justify an
action or intervention. In addition, it must be clear how 6 relates to 7, or to other values. In many
AHI systems, the scales are not monotonic in that a worse score does not necessarily reflect a worse
condition or a greater sense of urgency for action. In some cases, a good score can hide a very poor-
condition asset which is on the verge of failure. This report examines such systems.

There are many different ways to generate an AHI. This report reviews motivations, constraints, and
the use of AHIs, noting that there are multiple possible definitions for texms such as failure or bealth.
In addition, the variability of data is noted, as well as the paucity of good links between measurable
parameters and actual fallures.

A literature review shows that, not only are there many ways to develop an AHI, but also that these
methods are not all similar or equally appropriate. The relationship between the input patameters
and the output AHI can be tenuous, with many systems relying on an overall average condition
approach, which uses weights to combine individual parameter or component scores. It is noted that
such approaches do not retain the timescales or ngency needed for action planning and the possible
derivation of a PoF. Such weighted systems can be very misleading, if not completely erroneous.
Assets do not generally fail through overall condition, but through particular failure modes, and we
need to track the inception and development of those failure modes if we are to be successful in
planning actions. Many systems use age as an indicator of condition. This report explains, however,
that the inclusion of age as a driver for asset condition must be viewed with some skepticism
because replacing assets at random will usually improve the overall population condition.

! Box, G. E. P. "Science and Stavstics” Jounal of the American Stafistieal Association, 1976
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A review of practical systems shows the breadth of approaches cuirently employed 1 trying to
address an AHI development. Many practical AHI systems do not have a clear statement of intent:
what, exactly, is the problem we are trying to solve? Several AHI systems seemingly obfuscate the
dertvation of the AHI by using complex math. In some cases, there is a sleight of hand moving from
an AHI directly to a PoF—there being no clear justification of the translation from AHI to PoF.
The role of AHIs in justifying espense is common, so the ability of the regulator to dissect and
critique some systems is uncertain. Most AHI values the authors reviewed do not reflect the failure
modes in operation or the interventions that are likely required. Fusthermore, the urgency needed to
address some failure modes is often hidden, lost in the averaging or dilution effects of weighted
systems and possibly leading to an incorrect perception of the likelihood of failure.

This repot investigates the difficulties of relating measured parameters to failure modes, and thus to
AHIs and on to PoF. The field is complex and there are many opportunities that may confuse the
user. Knowing the sources of variability, however, allows for the development of an approach that
may have some practical justification. The created AHI will not be useful unless we retain sight of
the data, detetioration, failure modes, and timescales while also retaining the sense of urgency
needed for action.

The authors give one possible approach to developing an AHI that can be used to determine a
justifiable and auditable PoF. The approach is somewhat heuristic, but is built on logic and can be
mned to reflect actual failure rates. The approach retains a direct link from data, through multiple
analytics to failure mode identification, component analysis, and finally to an AHI which retains a
sense of timescale and urgency. This allows a subsequent derivation of the PoF.

Orverall, a good AHI will have an indication of timescale for action and an audit trail that allows for
justification of those actions. Ideally, an AHI should be built around failure mode analysis to provide
a basis for action with calibrated timescales.

An ideal AHI reflects the failure modes likely to be present and relates those failure modes to
timescales; this can be developed through an analysis of known or expected failure rates. As asset
populations may be small, the statistics of failures may be both imprecise and lacking accuracy.
However, they at least act as a basis in fact upon which a user could develop a realistic ranking.
Industry statistics, such as are available from CIGRE repotts, are both useful and justifiable. It is
also nseful to disaggregate condition-based failures and random failures, or at least to find a
proportion of the overall failure rate that is expected to be condition based.

When developing an AHI, it is important to start with a single question in mind and design an index
to address that question. Start simple: not only should the index not contain surpuises, it should also
reflect what we already know. In addition, we can then build a comprehensible index that can
become more complex with the addition of more data from a variety of sources. In developing an
AHI, we are trying to model the actual health of an asset, and to quote that statistician again, “you
don’t get a ‘correct’ model by excessive elaboration.™

*Box, G. E. P., "Science and Stanstics® Journa/ of the American Siatistieal Association, 1976
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Thus Glossary gives

GLOSSARY

a set of definitions for acronyms and terms used within the document.

Glossary of Acronyms

Item Description

AHI Asset Health Index

AMI Asset Mamtenance Index

APF Asset Probability of Failure

CBHI California Bridge Health Index

CIGRE Council on Large Electrical Systems (Conseil International des Grands
Réseaux Electrignes)

CT Current Transformer

DGA Dissolved Gas Analvsis

DNO Distribution Netwotk Operator

DPT Doble PowerTest

EOL End of Life

GSU Generator Step Up (a transformer)

IAM Institute of Asset Management

IEEE Institute of Electrical and Electronics Engineers

1SO International Standards Organization

KPL IKenya Power and Lighting

LOAT Life of a Transformer — a Doble Seminar

OFGEM "The UK Office of Gas and Electricity Markets

PAS 55 Publicly Available Specification 55 “Asset Management”, a UK standard

PD Partial Discharge

PMU Phasor Management Unit

PoF Probability of Failure

SP Scottish Power; SP Energy Networks are DNOs

TATA An Indian Multinational, founded by Mr. Tata

THI Transformer Health Index

UK. United Kingdom

UKPN UK Power Networks

Glossary of Terms

Item Description

Heuristic A rule based on experience

Monotonic Uniformly increasing or decreasing
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1.0 INTRODUCTION

There are many organizations using asset health indices, asset scores, and other similar methods of
evaluating asset health. The aim of these indices and scores is to identify assets that are either
showing signs of deterioration or are performing pootly so that intervention [1] can be applied in
cither the short or the long term. There are many systems currently in use that develop scores or
indices and subsequently enable asset ranking, Some of these systems are based on weighted
summations of component scores [1], [2]. This report discusses the advantages and disadvantages of
some of these systems.

The motivation for condition assessment, asset health scoring/indexing, and subsequent
intervention should first be determined. A condition assessment might be necessary to identify the
assets that are most in need of replacement, or to identify assets that could benefit most from major
refurbishment. In each case, the approach and the result should be different. A high-level overview
of all assets may enable a more focused analysis of suspect assets.

Defining failure can canse confusion. Is failure related to system interruption [3], [4], or to a need for
removal from the present asset location [5], [6]7 Probability of failure (PoF) can only be successtully
addressed once there is a consistent and well-understood definition. Different organizations may
approach the definition of failure in different ways, according to their business needs.

Similarly, defining health (or condition, assuming that the two are synonymous) is not easy. Does
asset health refer to:

— Fitness for function?

— Leve] of deterioration of one or more componentse
— Likelihood of unplanned unavailability?

— Likelihood of needing replacement

—  Probability of failurer

— Something elser

If an asset manager is hoping to assess the PoF, then the definition of health used for the health
assessment must relate to the agreed-upon definition of failure.

It is also necessary to consider the accuracy of a health assessment or review, The data used for
assessments, which often represent average condition, has an associated level of uncertamty, wlich
is often high. Multiple elements have inherent vadability, such as the use of judgment, data
interpretation, etc. The concept of an average condition must also be reviewed, as assets tend to fail
through specific failure modes rather than through overall deterioration.

Relating observations or measured parameters to the actual condition/degradation of the asset is not
simple, easy, direct, or obvious. Assessments normally compare the results or observations to
acceptable levels. As assets are not typically mn to failure, especially when they are continually
monitored, there is a lack of adequate failure statistics that can be related to assessment data,
meaning that it is difficult to accurately assess when failure is likely to occur. Furthermore, a result of
a test that might indicate the imminent failure of one asset may be an acceprable result for a similar
asset (e.g., one from a different manufacturer).
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Condition assessments become more meaningful when the gap between what is predicted and what
is actually found is closed. This requires the dismantling of units that have been removed from
service to confirm their predicted condition. There are cases [7] where forensic analysis shows some
positive correspondence between predicted and actual conditions, but also cases which show some
vanability.

Furthermore, the PoF is often related to system and external conditions. The PoF of both a circuit
breaker and a transformer would be a finction of the frequency of faults and the fault level at the
substation.

Even if it were possible to calculate a PoF accurately, an acceptable PoF would need to be
determined for each individual asset. A PoF of 2% may be acceptable for a transformer located in a
substation with no immediate neighbors and supplying non-critical load, but would probably not be
acceptable for a transformer located in a densely populated area supplying the central business
district of a major city. Other factors to consider would be the location within the systemn, the
redundancy in the system, the availability of a spare transformer or spare components, etc.

1.1 Overview: Motivations for Condition Assessment

CIGRE Brochure 660, from Working Group B3.32, is nominally concerned with optinuzed
maintenance of air-insulated substations [6}; however, it gets to the heart of the need for
maintenance and the need to understand asset condition. The text notes that many organizations
have “aged network assets that require increasingly more maintenance and capital expenditure to
sustain levels of service.”

The brochure notes the need for asset management, which includes a greater emphasis on condition
and diagnostics, not just for maintenance but also to provide optimal solutions for “individual
business needs and drivers”.

Such condition and diagnostic information applies equally to maintenance decisions, loading
contingencies, spares policies, and so on. Thus we have agrived at the heart of Asset Management, as
described in Asset Management standagds PAS 55 [8] and ISO 55000 [9], but neatly encapsulated in
Brochure 660: “The problem is, therefore, how to manage sustainment of the network infrastmeture
to ensure a smooth passage into the future and to do this at optimized cost, risk and performance”

[6]-

Condrtion assessment and ranking supports the business of the organization, as discussed in “Asset
Management: an Anatomy™ [10]. Translating a condition assessment into a probability of failure
(PoF) supports quantitative and detailed risk calculations, assuming that we can achieve such a
translation effectively.

Some systems develop health scores out of broadly defined principles, and some systems employ
extremely detailed and prescriptive criteria (see Section 2.0 for a literature review on this topic and
Section 3.0 for examples of these systems). The business value of a score/index to an organization
depends on its use, justification, and auditability. A new draft gude for DNOs (Distribution
Network Operators) in the UK, for example, is comprehensive and prescriptive, but may not lead to
a valid PoF (see section 4.16).
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1.2 Asset Probability of Failure

1.2.1  Detuution of Failure

Detinung failure is not necessarily a simple matter, but it is essential if a user wants to determine the
PoF. A fust attempt at defining a failure might be to suggest that, if an asset causes a system
Intermption, then it has failed. An alternate definition might relate failure to a condition assessment
indicating that the asset is not fit for its purpose. Table 1-1 summarizes situations where an asset

causes an interruption or is determined to not fit its purpose.

Table 1-1; Asset Trips and System Interruptions

SETRRL S

Problem with Asset
— Canmnot be repaired for return to service

Assessment 1

£ purpose
— Cannot be repaired for return to service

Problem with Asset
— Can be returned to service after major

Assessment indicates asset is not fit for purpose
— Can be returned to service after major repair

repair

Problem with Asset Assessment indicates asset is not fit for purpose
— Can be returned to service after minor — Can be returned to service after minor repaic
repair

External Cause (e.g. animal on bushings)
— Results in consequential damage
— Cannot be repaired for return to service

Assessment indicates asset is not fit for purpose
— Fit for purpose in another location (e.g.
substation with lower loads or fault level)

External Cause (e.g. animal on bushings)

Assessment indicates asset is not fit for purpose

— Results in consequential damage

~ Can be returned to service after major
repair

External Cause (e.g. animal on bushings)
— Results in consequential damage

~ Can be returned to service after minor
repair

External Cause (e.g. animal on bushings)
— No consequential damage

— Fit for purpose in another location ~ but not
economical to relocate

When an asset causes an interruption to the network and cannot be repaired and returned to service,
then a failure has occuzred. Most analysts would also likely agree that an interruption resulting from
an external cause that does not result in consequential damage would not be considered a failure.
However, several of the other cases shown in the table are not as obvious and could lead to an
extended debate.

Further questions arise from consideration of the table. If an animal on the bushings caused damage
to one or more of the bushings, is this a failure of the asset or the bushings? Some organizations
take bushimg failures to be separate from transformer failures. If spare bushings were not available
and the asset was therefore scrapped, does this change the answer? As a loose analogy, the tires on a
car may need replacement or attention, but that does not require the replacement of the whole car.
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A problem (detexmined by interruption or assessment) that requires major repair would often result
in repair in the case of a newer asset, but in scrapping in the case of an older asset since the repair
would be considered uneconomical. Many would consider that an asset had failed if it were
scrapped, but may not consider the newer asset (with possibly the same problem) to have failed
because it was repaited. The economic decision is often a function of the regulatory regime in
operation and the Organization’s ability to manage Capital and Operational expenses, but the
decision on financial rather than technical grounds may ultimately affect failure statistics.

In some organizations, the requirement to remove a transformer from its stand to repair, refurbish,
or replace it is interpreted as an indicator that a failure has occurred. If the same repair or
refurbishment work occurs in situ, a failure has not occurred. However, the regulator for the
industry may define failure as a need to spend Capital money”, regardless of the location of the asset
where the capital 1s spent.

Some organizations also include soff failures in their failure statistics. This refers to situations where
assets are assessed as being likely to fail, removed from service, and replaced before a hard failure
occurs. Both hard and soft failures are condition-based, but one occurs in real-time while the other
1s anticipatory.

ISO 18095 [11] applies to power transformers and provides valuable guidelines for the use of terms.
It is not yet widely used, but as it is part of the ISO suite of documents it is likely to grow in
popularity and influence.

1.2.2  Asset Fajlure Statistics

Once failure is defined, data can be collected which will allow for the development of failure
statistics; however, a standardized approach to data collection is not yet used across utilities [4].

The identification of the asset that failed and the cause of failure can be difficult and requires
forensic analysis and engineering judgement [3]. Many utilities aze reluctant to spend the money to
perform a detailed forensic analysis of a failed asset. An older asset is often espected to fail, and
since the asset has little or no residual value, it is difficult to justify the expense of a detailed forensic
analysis when failure does occur.

In these cases, the cause of failure may be little more than a guess, often made by an engineer who
has Iimited knowledge of the asset. The assumed failure mode is often based on available condition
assessment information: for example, if a transformer with a high level of furans failed, it may be
assumed that the cause of failure was deterioration of the cellulose. This possibly incorrect
assumption becomes part of the failure statistics and justifies the relationship between the condition
assessment information and PoF due to the assumed failure mode.

CIGRE Technical Brochure 642 surveyed 56 utiliies in 21 countries, covering 964 major
transformer failures between 1996 and 2010, in a pool of 167,439 transformer vears. Note that 2
definition of failure was provided at the time of survey and is detailed in the brochure. It is essential
that users of the information provided in the brochure understand the definition that has been used
for the collecting of this statistical mformation (see Appendix A).

3 Taken from private correspondence discussing a utility’s policies and regulatory environment.
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The failed transformers were manufactured from the 1950s to 2009 [3]. The failure rates by voltage
are described in the following table taken from the Technical Brochure. The siuvey showed the
fallure rates had less than 1% variation between different applications (i.e., generation, transmission,
and distribution).

Table 1-2: Indicative Asset Failure Rates (CIGRE Technical Brochure 642)

INVESTIGATED POPULATION AND FAILURE RATES OF SUBSTATION TRANSFORMERS

POPULATION HIGHEST SYSTEM VOLTAGE {kV]
INFORMATION
1C0 sk < W0 s kv =< Woshv < 5005 kv <
&9 5 kv < 100 200 200 560 700 kv = 700 All
Number of Utilites 1 38 3t 27 3 4 58
Number of 2,962 10,932 4,272 3,233 434 348 22,181
Tramnsformars
Transformer-Years 15,267 64,718 37,017 25,305 4774 2,991 150,072
Maijor Fallures 144 280 186 152 27 10 79%
FAILURE RATE 0.94% 0.43% 0.50% 0.60% 0.57% 0.33% 0.5324

The report notes that “All populations show a low hazard rate and no distinct bathtub curve
character” and that, in the population surveyed, age related deterioration could not be identified;
unusual system events are suggested as a more likely cause®. The brochure also notes that the
replacement of older units that have ot failed biases population statistics. The overall lack of age-
related 1ssues implies that purely time-based interventions will be less beneficial, and that asset
condition information is required to focus resources.

Two of the contributors to the Brochute also note the importance of the process for statistical data
acquisition and the importance of proper data collection and analysis. The Brochure also quotes data
from a particular utility [4]: this data is for failures recorded between 1996 and 2006, and indicates a
tise in failure rates with age, as shown in Figure 1-1. Whether or not this trend applies more broadly
will depend on whether other organizations operate and manage their assets in the same way as the
studied wtility.

* In Nowlan and Heaps’ onginal work on RCM, they identfy six failure profiles, the bathmb curve being one of them. They also note
that the bathrob curve only appled to about 4% of the assets they reviewed [55].
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Figure 1-1: Hazard Function for Generator Step Up, Transmission and Distribution
Transformers

The most common locations for failures depended on the application: GSUs having insulation
issues over 30% of the time, transmission upits having protection issues over 25%, and distribution
units having over 35% for windings and >35% for unclassified issnes. Organizations should
consider the differences between the reported data and data from other sources, and question the
relevance of any of the statistics to their own sitnation.

1.3  Failure Modes

Failure modes may be broadly classified into two types: internally caused and externally caused [5].
A poor connection inside the asset leading to looseness, arcing, and subsequent flashover would be
an internally caused failure. A failnre caused by multiple close-in lightning strikes leading to flashover
would be an externally caused falure. The two failures, however, are related. As msulation
deteriorates with time and operation, an external event that for a relatively new asset would have
caused no major issues may now lead to failure, as shown in Figure 1-2 from CIGRE Technical
Brochure 227, “Life Management Techniques for Power Transformers.” This brochure is further
discussed in Appendix B.
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Figure 1-2: Asset Deterioration
From CIGRE Technical Brochure 227

As previously indicated, there are cases [7] where the forensic analysis of assets that have been
removed from service due to poor condition has shown some correspondence between predicted
and actual condition, but has also shown some significant variability. The forensic analysis of assets
that are retired due to soft failures allows for a better understanding of how known condition
assessiment techniques relate to failure modes of the asset; however, if soft failures are included in
failure statistics and a detailed forensic analysis of the soft failures has not occurred, incorrect
statistical evidence may be produced, ultimately creating a false sense of accuracy in assessing failure
modes.

1.4 Expected Life - Analytics
What is the expected life of a transformer, or of a circuit breaker?

If the expected life of a transformer or circuit breaker cannot be specified on the day of mstallation,
it will be difficult to calculate the remaining life later. Some organizations have tried to specify the
expected asset life and the expected age at which deterioration leads to poor performance, but these
attempts have had mixed success.

An asset condition assessment assists in identifying the possible condition, while an asset health
mndex allows the assets to be ranked to highlight those in the worst condition. As indicated in [123,
however, the asset health index is an estimate at best, and therefore any analysis of remaining ife is
also an estimate.

1.5 Business Context and Drivers

The aim of an asset health score/index is to improve decision-making and manage risk, but the
timescales for the application of a score/index may vary. The individual crganization must clarify
and define the nature of the score/index {1}, [3], [13].
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1.6  Standards and Related Documents

There are several documents and standards relating to Asset Management that are relevant to the
discussion [8], [9], [11]. These documents provide a discussion of Asset Management and its need to
balance risk, cost, and performance. In terms of operational strategies, an Institute of Asset
Management document covers many of the elements [14]. These documents provide a useful
framework for asset management review.

ISO 18095 [11] has already been noted in this report: it digs deeply into failure modes, measurable
parameters, and ways to 1dentify deterioration and degradation within a power transformer. The
document does not deal specifically with health indexing but does discuss how to choose the best
possible attributes, test results, and condition monitoring combination to prevent a power
transformer faihice. This standard is an excellent model for a discussion of failure modes and
symptoms in power transformers. The final step of health indexing is not included i this document,
but the foundation of knowledge that is presented is integral to AHI design and not discussed to this
level of detail in other standards or articles.

“Asset Management: an Anatomy” [10] is a useful document when implementing Asset Management
systems. In particular, section 6.6.5 covers “Asset Performance and Health Monitoring,” and has
useful commentary on both asset health and the involvement of stakeholders:

The term “asset health” is used in relation to measures that monitor the curent (or
predicted) condition or capability of an asset to perform its desired function, by considering
potential failure modes...It is important to review the cost effectiveness of monitoring — and
mvolve both operations and maintenance personnel as many failure modes can be detected
by operators. [10]

The Institute of Asset Management has a suite of documents relating to the implementation of Asset
Management and Subject Specific Guidance documents, each wiitten by practitioners of Asset
Management from a vauety of industries [14].

The subject-specific guudance inchudes a discussion of data and analytics and the method needed to
improve results. It notes that improving data quality is an admirable task, but experience has shown
that the most effective approach is to “analyze and understand the information you have” [14]. The
ronte to good decision-making and problem-solving passes through a good analysis of poor data, as
shown in Figure 1-3. Good analysis of poor data may be adequate for many problem solutions.

Data Quality

Good

Analytical
Ability

Poor

Figure 1-3: The Route to Good Analytical Capability
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1.7  Getting Started

Before starting the process of condition assessment or the development of an AHI, the first
question to answer should be: “What problem ate you trying to solver” [1]. If this can be answered
clearly and precisely, a measure, score, or index can be set up which helps solve the problem. The
necessary data sources, assumptions that need to be made, the analyses that need to be applied, and
the meaning of the results that will be obtained can also be determined.

Without a clear question, any answer will be uncertain. Even with a clear question, the answer may
be based on poor data, poor analyses, poor assumptions, etc. The answer (ie., the AHI) may be
convincing, but may be equally unclear.

If an AHI is developed to identify the assets that most need refurbishment (e.g., repair of minor oil
leaks, repair of rust), the business drivers related to the refurbishment of assets need to be identified.
For example, if a utility rad a policy that precluded the refurbishment of assets over 40 years old, the
asset age could be included in the AHL Similarly, if an AHI value was required to identify the assets
that most needed replacement, the business drivers related to replacement would need to be
identified. '

Not all business drivers need to be included in the AHI, however, and it may often be more
appropriate for some business drivers to be treated separately. As noted in Section 1.0, many factors
will probably be considered before deciding to replace an asset. For example: the location; the
criticality of the Joad; the availability of spare pasts; and possibly the depreciated value of the asset,
which may be a major factor in a regulated environment. It is possible to develop an index that
includes all of the business drivers; however, this index would no longer be related only to the health
of the asset, but also to the operational value or criticality of the asset, and thus could not be cleary
related to PoF. An alternate approach would be to develop an AHI that only related to those aspects
of asset health that drives replacement, and deal with the other business drivers separately, possibly
with another index. There is no rule, as far the authors are aware, which precludes having multiple
mdices for multiple applications.

It 1s essential to understand that not all aspects of health directly relate to replacement. Health issues
that can easily be addressed by maintenance would not generally be drivers for replacement, and
would therefore not be included in a replacement index. Similarly, health issues that cannot be
corrected through maintenance are generally not included in an index designed to identify assets that
require corrective maintenance. Therefore, these indices, if correctly designed, cannot be directly
related to PoF.

In practice, many users develop an AHI for fleet screening to allow them to identify the assets that
require further investigation or assessment. An AHI for fleet screening is generally developed using
data and information that is readily available for most assets of that type.

For example, some users may develop an AHI for transformers based only on the results obtained
from testing oil samples. The small percentage of transformers that rate poorly in the AHI may then
be scrutinized i more detail using in-service test tools, such as PD or IR, or may be taken off line
for further inspection and testing as well as a full condition assessment.
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Although o1l analysis and dissolved gas analysis (DGA) of an oil sample from the main tank might
be very good indicators of many common failure modes, they will not usually provide any indication
of problems with the bushings or the tap changer; however, a ransformer AHI developed for fleet
screening could also include bushing test results, tap changer maintenance records, and information
from site inspections, as well as details of age, loading, family history, etc. The question that is asked
gudes the data needed to develop an index.

AHIs based on minimal information might still be useful asset management tools, but it is unrealistic
to expect that the results of the simple AHI could be related in detail to the PoF.

Some practical systems outlined in this report have very clear questions and responses; however, the
responses may be very inaccurate and imprecise. It appears that in some cases, the process of
producing an AHI for business purposes has become more important than the details of the process
itself. Asset managers may have lost sight of the original aims of a health index by developing a
system that produces a result but does not cleasly address the question posed.

For an AHI to be closely linked to a PoF, it should be designed with that goal in mind, built on the
failure modes that relate to the definition of failure, and should use measurable parameters and good
statistics.

Statistics are necessary because all natural phenomena are described by appropriate statistics. In
order to measure the breakdown voltage of a particular air gap, there are many controls that must be
put m place, mcluding voltage source, accuracy of measurements, shape and cleanliness of gap
forming materials, and contents of the air (from molecular content to particle count). The result is a
likely voltage, but also a range [15]. The actual breakdown voltage will be described by a statistical
distubution, with a confidence level associated with the result lying in a particular range. Statistical
distributions cannot be escaped.

1.8  Asset Health and Asset Probability of Failure

When generating an Asset Health Index or Score, the actual condition of the asset is estimated
because the data and analytics cannot be perfect or perfectly up-to-date. Furthermore, some failure
modes cannot be detected through testing, observation, or analysis of other forms of data.

1.8.1 Asset Components

These are some of the aspects to consider:

— An asset may have one or more components.

— Each component may have several failure modes.

— Failure modes may apply to several components.

— Most failure modes have symptoms; symptoms may apply to several failure modes, so
identifying the falure mode may be difficult.

~  Some failire modes do not have obvious or measurable symptoms until a failure has
occurred or is very near to occurring,

—  Measurements may be made on components; but some measurements include a number of
components.

— Measurements may indicate the presence of a symptom.
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— Most measurements only allow us to assess the average condition of the component being
measured.

—  Other information is useful in assessing asset condition. Other information may include
knowledge of the design, understanding of previous problems, and knowledge of how the
asset has been used, such as having been subjected to heavy loading, over-voltages, or fault
currents.

A symptom is an indication of a failure mode. A number of measurements or observations may be
required to confirm a symptom, and the presence (and absence) of 2 number of symptoms may be
used to determine which failure mode is most likely occurring.

Human illness can be a helpful analogy for understanding how symptoms relate to failure modes. In
a human, elevated body temperatuse is a symptom of many illnesses. When a doctor observes other
flu-like symptoms in conjunction with a high temperatute, the best diagnosis would probably be that
the patient has the flu; however, the symptoms may also indicate other ailments. Note that the
doctor would probably also consider the patient’s medical history, family history, and other
mformation when diagnosing the problem. If the patient had just retuined from overseas, had
recently been sick, or was genetically predisposed to a disease, the doctor may consider another
diagnosis and possibly arrange for tests and follow-up assessments. Note also that the absence of
some symptoms is often crtical to the diagnosis. The doctor would probably need to ascertain that
some of the symptoms of pneumonia were absent before determining that the patient had the flu.

The assessment of an asset would follow a similar process. The relationships between symptoms and
assets are summarized in Figure 1-4, using one-to-many and many-to-many relationship indications
to iustrate the complexity of the situation.

Asset

|

I

I
Compenents/ j [ Faiture
Subsystems I Modes

. P
Measurable |; Symptoms
Parameters | 1

Figure 1-4: Asset and Symptoms Relationships

Figure 1-4 illustrates that an asset may have one or more components (or sub-systems), each
component may have one or more failure modes, and each failure mode relates to one or more
symptoms; however, the symptoms may also relate to one or more failure modes. For a small
number of entities, the relations are quite complex. If this data was to be recorded in a relational
database, the many-to-many relationships, such as failire modes to symptoms, would be broken out
in a lnk table to manage the data redundancy.
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A medical analogy can again be used to illustrate this point:

— A human has an appendix as a component.

— The appendix may become enlarged and infected, leading to peritonitis and, ultimately, death
of the human.

— One symptom may be fever.

— A measurable parameter could be temperature.

‘The many-to-many relationship illustrates that fever is not a nnique symptom of appendicitis, and
appendicitis does not have fever as its only symptom.

When applied to a transformer:

— A transformer may have a bushing as a component.

—  The bushing may have a failure mode based on stress grading foil erosion.

— The symptom could be a reduction in the capacitance of the bushing,

— A measurable parameter could be the leakage current — a variation indicating a change of
capacitance.

The gathering of data and the analysis and subsequent diagnosis is not simple, even for relatively
well known conditions. Returning to the medical analogy, symptoms of appendicitis are occasionally
misdiagnosed with fatal results’.

There is a diagnostic process which applies to humans, assets, and most other situations:

— DMake measuremnents and observations (e.g. temperatures, pressuzes etc.)

—  Pexform analyses (consider levels, changes, trends, presence/absence)

— Identfy symptoms.

~ Perform a differential diagnosis. Where necessary gather more evidence.

~ In parallel, consider contextual information (location, genetics, or design/manufactuge
details, known history, loading, number of operations etc.)

~ Infer a root cause failure mode.

The process requires experience and expertise in order to be useful, with an understanding that the
first inference may not be the actual answer required.

1.8.2  Understanding Variability

Measured values of data have inherent variability. Some reasons for variability are obvious. For
example, 2 measurement of transformer power factor may be inaccnrate: a SFRA result may be
subject to series resistance offsetting the results, or a temperature gauge may be inherently imprecise
or accurate. All measurements are subject to systematic or random errors, so even the most precise
measurements made using the most accurate instruments contain some variability.

Even modern diagnostic tools can produce inaccurate results if they are not used properly or the
necessary precautions are not taken. Measurements of the transformer bushings’ power factors will

# From personal experience in a third world hospital; they did, however, observe exactly when the pauent died.

28


jjoly
Text Box


Translating the Health Index: fnto Probability of Failure

potentally give very inaccurate results if the bushings are not properly cleaned to remove potential
paths for leakage current. Those performing tests must understand the cotrect test procedure. For
example, testers need to know the part of the asset that needs to be earthed/grounded, whether the
test leads need to be shielded, how long the test voltage should be applied before a measurement is
taken, and the process for taking an oil sample and storing the oil during transpoxt to the lab.

In the past, many test tools were large, complex, and expensive. As a result, they were loaded onto
test trucks which were operated by highly skilled testing technicians. Now very small and relatively
nexpensive items of test equipment ate available that can provide very accurate results. It is now
possible for every technician to carry some of these test instruments in the back of their truck.
Howevey, unless the technician is propetly trained and nses the test equipment frequently enough to
develop the necessary skills and experience to propeily use the instruments, the technician may be
producing very accurate, but very incorrect data.

Highly accurate data is not always necessary to identify symptoms. For example, a doctor might
simply place his hand on a patient’s forehead to ascertain that the patient has a fever, as an exact
measurement of temperature is ot necessary in most cases; however, if the patient is being treated
in a hospital, the patient’s temperature might be taken every few hours. The doctor would be hoping
to see the temperature trending back towards normal over time. In this case, the accuracy of the
measurements is far more important.

Similarly, 2 hand placed on the radiators of a transformer might be adequate to detect a problem
with the cooling system. If one radiator is cool whilst the others are too hot to touch, the radiator is
probably not functioning correctly.

As lughlighted by these examples, highly accurate measurements are not always required. It is,
however, essential that the user of the measurements has some understanding of their accuracy and
uses the data appropuiately. Trending is a valuable tool when assessing the condition of assets, but
useful trends cannot normally be established using estimates or highly inaccurate data.

Although naccurate data can still be used for condition assessment (as long as the accuracy is
understood), incorrect data must not be used. It is essential that those involved with both data
collection and analysis look for obviously incorrect data. For example, if the oil temperature
indicator of a heavily loaded transformer is reading less than the ambient temperature, there is
almost certainly a problem with the temperature gauge. Similarly, if the winding hot spot of a
transformer is cooler than the oil temperature, the data should be treated as suspect at best and
wrong at worst.

There are many other examples of incorrect data. When the results from a dissolved gas analysis
(DGA) show that all gasses are zero, the resuits are probably wrong, When the DGA results from an
aged transformer suddenly show a drastic improvement, it is unlikely that the condition of the asset
has changed; it is more likely that the oil has recently been changed or processed, oil samples have
been mixed up, or the tests have been performed incorrectly.

Before analyzing any data, users should consider if the measutement is believable. To accomplish
this, consider:
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— The normal range for this type of measurement. If the results are all zero, or an order of
magnitnde higher than measurements taken from an asset in very poor condition, the data is
probably wrong.

— Previous measurements, e.g, has the asset shown signs of deterioration since its last reading
or has it miraculously improvedr

—  Other measurements and observations, e.g., if the asset has suffered a fault, and this is
confirmed by other measurements, does this measurement also indicate that a fault has
occurredr

It is possible that the data is correct and therefore is the symptom of an unusual failare mode, but
users should do all they can to check the data before coming to this conclusion.

1.8.3 Timeliness of Data

Before analyzing any data, users need to understand when the data was recorded. Very accurate
measurements that were taken five vears ago will allow a good estimate of the condition that the
asset was in at that moment in time, but not necessarily an accurate analysis of the current condition
of the asset.

This information, however, may still be useful. In general, assets do not normally improve with age
unless there has been some intervention, e.g, refurbishment, oil change, etc. Therefore, an
assessment based on older data will probably result in an estimate of the best possible asset
condition. Users must understand, however, that the asset may be in far worse condition than this
assessment suggests.

1.8.4 Component Scores

Making one or more measurements allows the data to be analyzed and interpreted, the asset to be
diagnosed, and a score for the measured compounent to be created.

Standards can be used to assist in the interpretation of the data. For example, IEEE C57.104 [16]
can be used to interpret hydrogen levels in a transformer main tank. This is a simple process since
the standard gives us condition codes 1 through 4, with 1 being normal or acceptable and higher
scores indicating a worsening state.

However, there is no indication with those codes as to:

— What action, if any, should be taken, and
— How urgently the action needs to be carried out.

The limits that relate to each condition code are based on esperience with a large number of
transformers. The transformer that was measuced may actually be designed, manufactured, or
operated differently from most of the transformers from which the condition codes were derived.
For example, a sample may be taken from a galvanized diain valve, in which case elevated levels of
hydrogen may be present becanse of metal chemistry at the valve rather than because of a fault.
Other variations based on specific designs are also noted within €57.104.

It is easy to misinterpret or misdiagnose the data and create the assumption that there is major fault

oz problem with the asset. Although this may canse panic for no good reason, 2 misinterpretation or
musdiagnosis may also result in a lack of awareness of the true issue that is evolving. Problems could
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also be masked by this misinterpretation. For example, the elevated hydrogen levels resulting from
the galvanized valve may be masking an evolving fault that is producing a lesser amount of
hydrogen.

Competing interpretations for single measurement parameters, such as leakage reactance, or power
factor or hydrogen levels, are possible. Competing interpretations of groups of parameters are also
possible; different interpretations of DGA results would be a good example.

All of these issues, along with varability and timeliness of data as well as assessment of components,
need to be understood and considered before attempting to relate the assessment of components to
asset degradation.

1.8.5 Unavailable Dama

It is common for some data or information that is needed for an assessment to be unavailable,
particulady when large fleets are involved. This may be because a test was cancelled, or simply
because data has been misplaced.

Users may still perform an asset assessment and determine a score by simply excluding from the
assessment any failure modes that require unavailable data, then scaling the final score. Alternatively,
users may estimate values for the unavailable data by using statistics or by using worst case or best
case data to give a range on the final AHT.

Further discussion of these methods is beyond the scope of this document; however, it is important
to note that where many assets have unavailable data, the accuracy of any resultant health index will
be affected, further straining any relationship that exists between the health index and PoF.

1.8.6 Degradation

Blake [17] notes the relationships between degradation® and PoF; however, the measurement or
measurements first need to be related to degradation. Note that in this report, deterioration is
defined as a reduction in the physical valne of some parameter, such as capacitance, while
degradation is the loss of asset ability to perform its function. For example, what is deteriorating
when ethylene levels rise in a transformer, or when the PD levels ise in a CTF At what point will
degradation in performance be noted?

Often, in physical deterioration analyses, there is a well-established link between measurements and
actual failures. For example, pipes, bearings, and steel frame members have been strained, stressed,
or bent until they have failed whilst parameters lhave been measured. This allows correlations
between the measured parameters and failures. Similar work has not been done to most large
substation assets.

Blake also notes that models of degradation rely on many factors, mcluding an understanding of
location, load, manufacturer, fault history, inspections, and maintenance [17]. Assessing the
degradation of a power system asset is complex and the knowledge of experts with appropriate
expertise and judgment must be considered. Blake notes the different types of experts who are

¢ Although Blake has used the term “degradauon,” the authors believe that “deteriozation” would be a more correct term.
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involved in assessing assets, all of whom may bring an element of imprecision to the analysis of
degradation/deterioration:

— Theorists: give options to select 2 model

— Consultants: actually select a model

— Asset engineers: determine parameters

— Mantenance engineers: assess asset condition

— Managers: decide how to use the results {interpretation)

The level of degradation that leads to failure depends on the various operational issues identified by
Blake, and the physical details of the individual failire mode. A 0.50% power factor may be a strong
indication of incipient failure in one transformer but not in another.

Time-based degradation in performance will affect different designs or manufacturer models in
different ways. The development of computer-aided design to reduce margins in msulation, and the
subsequent cost cutting exercises, have led to transformers which may be much younger but which
are much more susceptible to the effects of heat and operational faults/ switching. Transformers
may be considered unique, hand-made chemical baths, and older transformers were often built
bigger and more robustly than newer ones.

1.8.7 Working Forward

To work forward there needs to be definitive data which links measured parameters to the absolute
level of deterioration in some operationally significant parameter, which is linked to an absolute
likelihood of failure based on multiple and repeated tests to give statistical significance to the data.

Some work has been done in this area, but not specifically for power system assets and the
operational context applicable to these assets. Paint thickness and performance on towers may be
the most direct example of a possibly successful application of a parameter-degradation curve to
power system assets; however, the link to subsequent failure, though monotonically related, is not
linear.

I is possible to work forward to an asset health index by grouping (not necessarily weighting)
patameter scotes to yvield a component score, and grouping component scores (not necessarly
weighted) to yield an asset score; however, a meaning must be ascribed to the score. The Meaning
will depend entirely on how the score was derived. The problem we face is that the degree of
uncertainty at each stage is compounded, such that the final health index is generally little more than
a loose, non-monotonic, and non-linear ranking tool.

This will not help much if the number of assets to be ranked is small (such as at an individual
generation station). The ranking may be little more than 2 Good / Bad classification to identify the
poorer performers of the population.

As an analogy, consider the relationship berween a car’s tire pressure and the probability of the car
failing. A lower than recommended pressure in a tire will be more likely to fail. Identfying a
relationship is nonetheless difficult, and merging this relationship with all other parameters that
could lead to a failure of the car, such as engine temperature, fluid levels, the pressure of the other
tires, etc. results in a very complex problem. The process would be fraught with inaccuracy and
imprecision at every stage. Furthermore, the relationship would be contest specific. Failure is more
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bkely to occur at high speed or dwing heavy braking, and less likely to occur when travelling slowly
i heavy traffic. The relationship wonld also be dependent on the definition of failure, and would be
different for each different model of car, and possibly even dependent on the day it came out of the
factory.

To a degree, this type of approach has been attempted by the UK’s regulator, OFGEM, in requuLing
the Distribution Network Operators (DNOs) to assess and rank their assets, both in terms of
condition and gsk. OFGEM has provided a framework to do this [18]. The approach has a lot of
mathematical formulations and a number of assumptions and hypotheses. However, many of these
assiunptions and hypotheses in terms of the parameter values chosen and rates of failure expected.
Regatdless of this, the result is a consistent approach amongst the DNOs. It will take several years
of feedback before the approach is completely verified or justified in practice. The approach
recommended in the OFGEM document is discussed in Section 3.0.

1.8.8 Working Backward

Assuming the asset population under consideration is large enough that failure statistics are relatvely
constant over time, some progress can be made in terms of:

— Calculating the asset health index distribution over several years

— Identifying significant events which cause a change in asset health

— Idenufying expected failure rates and the consequent numbers of failures expected

—  Identufying candidates which are most likely to fail, based on 4 priori condition analysis and
failure recoxds

— Defimng the various asset health indes values to be associated with a certain probability or
probability range

~ Distnbuting assets to reflect expected performance

~ Tracking prognostications to tune the system

‘The aim is to reduce population failnres by identifying the units most likely to fail and improving the
population performance as a result.

Published work, such as by CIGRE or by individual authors, provide examples of likely failure
statistics for populations of different assets [3][4][5][7].

A review of Asset Health Indexing accuracy, based on forensic tear down of scrapped units in the
UK, is discussed in Section 3.0.

1.8.9 Connecting Health Index to Probability of Failure

Calenlating 2 PoF from an AHI based on pure analytics of measured parameters will be almost
impossible, as the information base needed for individual parameters ot for specific families to allow
a physical model to be developed does not exist. Returning to the analogy of car tire pressure: when
the pressure is 28 psi, what is the probability of failure of the car? What are the chances it will be
able to drive another 1,000 kilometers?

Not all is lost, however. One approach to AHI is to define a set of categories or codes that cover a
tange of calculated AHIs. This approach is discussed in more detail in Sections 4.2 and 4.7. For
example, set codes A through E as per Table 1-3 correspond to an AHI that ranges from 1 to 100;
the categories do not have to be uniformly spaced or linearly related in time,
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Table 1-3: Category AHI

Category AHI Description
Range
A 0-30 Considered under normal operation
B 31- 50 Expect to replace within 15 years
C 51-70 Expect to replace within 10 years
D 71 -190 Expect to replace within 5 years
E 91 - 100 On replacement list for within 2 years

A notional PoF may be assigned in relation to the timescales associated with each category. For
example, assume that a similar population of assets has a known failure rate of 0.5%. It could be
assumed that a high failure rate would apply to the assets in category E, which are near the end of
their life, and 2 much lower failure rate could apply to category A. The user could then estimate
notional PoFs as follows in Table 1-4:

Table 1-4: Category AHI with First Estimate of Notional PoFs

Category AHI Description First Estimate of
Range Notional PoF
A 0-30 Considered under normal operation 0.05% PoF
B 31-50 Expect to replace within 15 years 0.2% PoF
C 51- 70 Expect to replace within 10 years 0.4% PoF
D 71 -90 Expect to replace within 5 years 0.8% PofF
E 91 - 100 On replacement list for within 2 1.5% PoF
years

Users need to multiply the number of assets in each category by the notional PoF to calculate the
number of failures expected in that category, then add together the expected failures from all
categories and divide by the number of assets to calculate the overall failure rate. If the overall failure
tate does not equal 0.5% (the known failure rate for a similar population of assets), the notional
failure rates need to be adjusted. This approach is discussed further in Section 5.0, where it is also
noted that the base rate can be set to an unknown value, X, and multipliers can be used for each of
the other categories, resulting in an approach to back-calculate X, the base rate.

Some users with access to failure and AHI data from large populations have used statistical
information from their population to assign failure rates to AHI; however, even in a laxge
population, the number of failures of assets with good AHIs would be too low to allow an accurate
PoF to be calculated. Furthermore, many users do not allow assets assessed as being in very poor
condition to operate until they fail—they try to avoid haid failures by admitting soft failures. As
electric supply industry organizations tend to be risk averse, the result may be a lugher proportion of
soft failures than is valid. A forensic review is required 1o validate results, and such a review may
indicate that some soft failures were in reasonable condition [7]. If units assessed as being n poor
condition are removed from service and added to the failure statistics, the statistics become
inaccurate unless the user conducts a forensic analysis of the asset to confiym that it was actually
about to fail. Additionally, if assets assessed as being in poor condition are removed from service,
but are not considered a failure, the statistics become distorted.
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The expected failure rate for a population may be 0.5%. What is an acceptable failure probability for
a unit on the systemr Is it 1%, 2%, or maybe 5% in some cases? This depends on the individnal
organization and the consequence of failure. Deciding this failure probability is a risk decision, as
Asset Managers may let some units fail while others are removed from service because they believe
that they have an unacceptably high PoF.

1.8.10 Detailled Condition Assessment

If the AHI is based only on available data (ie., it is not based on a full and detailed condition
assessment), the AHI should only be used to identify assets that require further assessment. Before
committing significant resources, time, and money to replace, repait, or refurbish an asset, a detailed
assessment is used to justfy the commitment.

Good condition assessment, however, requires appropriate measurements of appropriate conditions
to determine the levels of degradation, deterioration, or incipient failuge [5], [113.

Assessing against a population is relevant, but measurements must be used to determine condition
mstead of relying on statistical estimates for values that could be measured. Statistics apply to
populations, usually suitably large populations. Statistics do not apply to individuals.
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2.0 LITERATURE REVIEW

There is a lot of literature on asset health reviews and asset health indices, with many articles cross-
referencing similar work. The drivers for the work are often regulatory or business and the approach
taken is often to use health and criticality indexing to produce a risk ranking. The use of common
Markov models occasionally drives a theoretical analysis, but there is precious little on linking, in
practical terms, asset health to PoF based on physical experiments and tiue degradation processes
[19]. There is, however, a lot of judgment and expert analysis.

Tlus reliance on experience and heuristics is not necessarily a bad place to start, but closing the loop
to check the validity of assumptions and findings has only been done a few times.

2.1 Theory and Practice

Hiartarson [2], [20] has presented papers that propose a system of component scores and weighted
aggregation. The problem with such systems is that they dilute the effect of any one component or
parameter (see Section 3.0 in this report). A number of organizations have followed this approach
and ended up with scores between 1 and 100. The advantage of the approach is that it is easily
understood. The disadvantage is that the relationship between measurable parameters and failure
modes has been lost. A higher score does not necessarily mean a higher likelihood of failure, and an
accurate sense of urgency is lost.

The example shown in Table 2-1 illustrates the weakness of the aggregated weighted system
approach. Three transformers are given a health index based on the linearly weighted sum of nine
components. In this example, a high score represents a bad assessment of the component. Scores
range trom 9 to 45, and are normalized to 100%. All nine components have been weighted equally
for simplicity.

Table 2-1: Aggregated Weighted Systems

DGA Main Tank Score e G2 1 3
Dielectric Score 1-5 1 1 1
Mechanical Score 1-5 3 4 1
Oilscore . o | 15" 1 S £
DGA LTC Tank Score 1-5 3 1 5
OperationalScore - | a5 [ T 5 3 s
Design/manufacturer Score 1-5 1 4 1
Subject Matter Expertscore | 15 | 3 | 1 | 5
Sum 9-45 18 17 16
NormalizedSum (%) [ 100 ~ | 40 | 378 | 358

Transformer 3 has the lowest score, and it is assumed that it is the least likely to fail; however,
Transformer 3 has a score of 5 for the DGA LTC Tank Score, mdicating that LTC is in very poor
condition. With this urgent score, this transformer is actually the most likely to fail. Similasly,
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Transtormer 1 has the highest score, and it is assumed, based on this scoring system, that it is the
most likely to fail. However, the highest component score for any component of Transformer 1 is 3,
50 1o component of the transformer would be highly likely to fail. Note that some users would add
weightings to some components. For example, somne users may decide that the score for the main
tank DGA was very important and add a weighting factor of 2 to this score. In this example, this
weighting factor will result in a worse score for Transformer 1, the transformer that is least likely to
fail.

A discussion of such aggregated weighted systems is available f1]. Translating aggregated weighted
systems into a PoF is not simple or direct since higher (or lower) scores do not represent a higher
PoF (see Appendix D).

In the example illustrated by Table 2-1, the individual transformer scores may be very similar, but
the timescales for intervention are not. It is obvious that Transformer 3, with a compounent score of
5, needs urgent intervention; however, Transformer 1, with the highest component score of 3, will
most likely continue to operate satisfactorily for some time without intervention. The system 1s not
calibrated and thus identification of a PoF is almost impossible. The calibration of scoring systems is
discussed by Hubbard and is vital to making sense of the data [21], [22].

It the AHI is intended only to rank the assets based on overall or average condition, and it is not
mtended to relate the AHI to PoF, then a weighted system zay be a good way to start. This system is
relatively easy to understand, even if the dilution effects of the aggregated weighting rob the system
of meaning; however, the result will not be dizectly relatable to PoF. Units at the top of the list may
not be the units that fail.

The weighted aggregation system can be useful when used with other systems that better highlight
the required time scales for intervention. For example, a very simple system that ranks assets
according to their worst-case component score could be used in conjunction with a weighted
aggregation. All assets that had one or more components with a very bad score, and therefore
needed urgent intervention, would be ranked the highest. If the weighted aggregation scote was
shown nest to the worst-case component scores, an asset manager could form an imitial opinion
about the overall condition of the assets that needed the most urgent intervention.

Tsimberg [23] discusses the well-understood concept of degradation being inversely related to PoF
and notes that both degradation and PoF are mversely related to effective life. The author also
presents the concept of a degradation curve that can change with maintenance activities. For
example, circuit breaker maintenance can effectively reset the condition clock for many of the
breaker’s components. An Asset Health Index built on a combination of degradation with
operational and contestual parameters relates well to Markov Chain and State Models of
deterioration and degradation.

Zhou [24] gives a good review of the state of the art with relation to State-based or Markov models
of asset health and modeled deterioration. The key 1s the need to take into account the censoring’ of
data available, as many assets of interest are still in operation, allowing for the increased accuracy of

7 Censaring of data relates to the survival of expenimental subjects through the time perod of interest. Lookiag at failure rates of assets,

2ny that have survived through ro the present are said to be aght censored, as the minimum age at failure 1s the present age, but the
actual age at fadure is siill uoknown.
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the model. Similar wotk has been done building on basic Markov models [25], [26]. Such work is
Interesting, but most models discussed need to be extended to allow for multiple state transitions or
direct transition from any state to a failed state.

Coullon {27] requires that an AHI represents not PoF, but resicual asset life. This could be a good
approach if the asset life is known on the day the asset was put into service. There is no direct
relationship to PoF, but if an ageing mode] is assumed, PoF will rise with AHT since the AHI is
related to remaining life. The relationship between failure and age, however, has not been well
demonstrated, as discussed in [4]. As is shown in Section 5.7.2 of this report, random replacement of
assets can generally reduce the average population AHI, precluding the validity of the residual asset
life approach.

Coullon’s use of an AHI is independent of his use of an Asset Maintenance Indes (AMI}. Coullon’s
AMI has sunilarities to some maintenance systems that derive a critical number for maintenance
from combinations of time and condition or operations, The separation of a health index from a
maintenance index s mteresting and reflects utilities, such as National Grid UK, who do not inclide
maintainable items in their transformer health index [71-

Dorison [28] describes an AHI as a weighted sum of influence factors and acknowledges that it is
difficult to derive a PoF from an AHI He notes the inability to derive a PoF is not a problem if the
aim is to provide investment justification to regulators. The ability of the regulators to understand
the pros and cons of any one system are not discussed.

Blake [17] assumes fault rates increase with AHI (where higher AHI values are worse conditions)
and assumes a flat line 1oll off in degradation that produces a relation between measurable
parameters and an AHI. To a degree, this is assuming the answer, as detailed in a CIGRE review of
actual failure statistics [4].

Blake discusses a random or nen-condition failure rate and an exponential nise in condinon-based
failures. Based on an initial stats H, plus the random offset:

— B(1=ty)
H‘_Hoae 0

Figure 2-1: Blake’s Equation

By choosing values for B, a score can be set to rise by a predetermined amount over a set period.
Blake then discusses ways to vary the parameter B to reflect operational loading and other asset-
based parameters. Blake also notes that experts can be biased in their assessments, specitically when
addressing possible variations in the base equation and the parameter B; however, including their
opiion makes their buy-in substantially easier.

DiMatteo [29] notes the need for a convincing derivation of an AHI in a business contest. The
article is based on big data, which may be loosely appropriate for some assets, DiMatteo describes a
1-100 score, which appears to be based on a weighted algorithm that includes age, maintenance, and
DGA.
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Edurisingh [30] echoes Blake’s suggestion in regards to using expert input and possible sources of
bias. Edirisingh also notes the need for an AHI to provide value to the user throughout an asset life,
not just i terms of the operational piece: this leads to a multi-purpose AHI, which may not then
provide vahie in any of its roles.

In an acticle focusing on process rather than on AHI in particular, Albrice [31] discusses the
distinction between physical deterioration and obsolescence. Although this is not directly relevant to
an AHT discussion, Albrice does note the inappropriateness of age when addressing condition
statistics,

Cander [32] focuses on cables and indicates that in a traditional AHT used to manage risk, age and
type of cable were originally considered key factors. Based on his data and application, these
parameters were no longer used in the AHI, but were replaced with condition measurements and
evidence. Cantler uses a weighted system, so the standard caveats about dilution of parameters and
inability to connect AHI to PoF to develop a risk index should be considered in conjunction with
his work.

A Transpower New Zealand Review [33] is an example of a wish list of activities that should be
consideted when developing an AHI The document lacks detail and specifics. It is possible that
they will use an aggregated weighted index as 2 starting point.

Shepherd [34] gives one of the few non-utility based AHIs, the California Bridge Health Index
(CBHI). The CBHI is used for a risk index for decisions on maintaining and replacing highway
bridges. The work described in this paper seems to be driven by the need to create clear reports for
individual California districts to use for investment justification. The method of using component
level analysis with symptoms matches well to the utility systems presented in this document.

2.2 Closing the Loop

In a paper reviewing forensic tear down of condition-assessed transformers, DPT UK found a good
correlation with many individual transformers [7]. Of 14 transformers identified for replacement, the
review was completely correct about seven of them and pardy correct about another four. Assessing
solid insulation ageing correctly proved difficult in all three cases where the Asset Health Review
Was not correct.

This indicates that in 50% of cases, the result of the detailed health assessment that was carried out
before deciding to scrap the transformers was not completely correct; and in over 20% of cases, the
detailed review was incorrect. If this result is typical, the assessment done for a fleet screening AHI
will most likely be less accurate. Users should be aware of this before drawing any conclusions from
their assessments, an AHI based on their assessments, or from a PoF derived from their AHI.

2.3 AHI Discussion: What are the Issues?

Asset Health Indexing is relatively limited in use to the power utility world. This is surprising, and it
may be because not all available literature has been reviewed, but curently few documents have
been found thar describe the use of AHIs outside this industry. Based on the literature reviewed, the
most common reason for Health Indesing is to help address the unique regulatory requirements
mmposed on the power utility market; however, other markets do have regulatory requirements, so
this stll does not fully explain the main use of AHTs by the electric supply industry.
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The literature review shows that, when talking with regulators, AHIs need to be clean, consistent,
and simple. The AHI provides the tool needed to conduct a justification review. The capability of
regulators and their staff to dissect and analyze an AHI is generally not discussed.

AHI formulas generally tend to fall into three categories:

L. Add up a number of figures that relate to the condition, age, or design of the asset. The
result 1s a mumber that represents an arbitrary range from zero to infinity. This may include a
number of common test results, but is likely to include other information that does not
relate to the condition of any specific component such as age, loading history, family history,
etc.

2. A weighted average of test results that represents degradation or failure that is then
normalized from 0-100,
3. A weighted average of test results that are grouped mto components and are then rolled-up

using a normalized scale; usually 0-100. This method is by far the most popular.

Normalizing the score is very popular as it addresses the overall business need associated with the
AHIs to provide simple comparison scores for regulators.

Several articles discuss the need to appreciate the differences between degradation and incipient
taults/failures, both of which are folded into an AHL Degradation is the long-term reduction in an
asset’s ability to function and may have more than one system or component wvolved. Usually these
items cannot be maintained, refurbished, or replaced easily or economically. End of life is usually
determined by such degradation.
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3.0 SOME ISSUES WITH CATEGORY WEIGHTING

This section reviews data that is based on measurement parameters categorized on a 1-5 scale.
Initially, the systems described have uniform weighting, and an interpretation of the results is
attempted. Changes are then made to the data and conclusions are drawn,

3.1 Initial Data — Categories

15 parameters, denoted by letters A through O, are measured and categories 1 through 5 are
assigned.

The timescales are not uniformly distributed among categories, as per Table 3-1.

‘Table 3-1: Category Labels, Timescale, and PoF Estimate

Category Timescale PoF Estimate
5 1 month 12%
4 1 year 4%
3 2 years 2%
2 5 years 1.5%
1 15 vears 1%

Note the PoF value in Table 3-1 is difficult to justify and represents an annual equivalent. This
brings in the need to identify an acceptable probability of failure. If an organization is happy with
the present rate of failure, then that is an acceptable value; however, the rate may also be able to be
improved. Along with weighting system issues, it is also important to examine the implications for
interpreting a particular AHI as a source of a PoF.

In this analysis, if data is missing it is set to zero and the parameter is not included in the analysis.
3.2 Generating an AHI — Without Weights

This analysis includes 15 parameters, each with a category between 1 and 5, with a zero implying
missing data. Each of the following statistics could be considered a candidate AHI:

— A simple sum of the scores

— Anaverage of the scores — whether zero or not

— Anaverage of the non-zero scores

— A sum of scores as a % of masimum possible score for all patameters

— A sum of scores as a % of maximum ONLY for those non-zero parameters

As an example, consider the data in Table 3-2, 15 parameter values have been translated into

categories as per the limits in Table 3-1. Initial data is in the initial category column; some data have
then been made unavailable (parameters A and I are now set to Zero).
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Table 3-2: Initial Parameter Data and Effect of Missing Data

Parameter Initial Subsequent

Category Category

A 1 0

B 1 1

C 2 2

D 1 1

£ 3 3

F 1 |

G 1 1

H 1 1

I 1 0

J 1 1

K 3 3

L 1 1

M 2 2

N 1 1

o 2 2

Sum 22 20
Average/All 1.47 1.33
Average/<>0 1.47 1.54
%/Max 29.3% 26.7%
%/<>0 29.3% 30.8%

The statistics for each parameter set in Table 3-2 are interesting—do any of them demonstrate
robustness if they are used as an AHI¥ In the face of mussing data, the following can happen:

The sum has gone down when data goes missing, but the health has not improved.

The average of all parameters, including the zeros, reduces; the average category is 1.47
reducing to 1.33, but health has not improved,

The average of parameters which are present (< >0) has gone up as the missing data points
were of the minimum category, but health has not improved.

The % of maximum score based on all parameters has fallen, reflecting how the average
works.

The % of maximum of non-zero parameters has risen, reflecting the average of non-zero
data.

Are any statistcs a good indicator of need for interventions The maximum score from the initial
data gave a category of 3, an urgency of 2 years, and an annualized PoF of 2%. With some data
missing, that maximum category has not changed.

The average categosies do not change mmch, as they are still wichin the 1-2 range. The percent
maximum does not relate to a timescale or a PoF directly. To get a maximum percent, every
parameter must be at a2 maximum value, but this is unlikely.
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When setting up an AHI, a clear strategy is needed to deal with missing data. If the two sets in Table
3-2 were from sister units, which one would provide most cause for concern? Which would require
further data analysis and/or testing? A good AHI can start with very limited data and allow for
general ranking and assessment.

What happens when there is no missing data, but parameters varys The discussion as regards what
the statistics mean continues and 2 standard deviation will be added to indicate the spread m the
data. The initial set of data and four subsequent sets of data where patameters have deteriorated are
shown in Table 3-3,

Table 3-3: Initial and Subsequent Data with Deterioration

Parameter Initial Subsequent Subsequent Subsequent Subsequent
Data Data 1 Data 2 Data 3 Data 4
B 1 1 1
C 2 2 2
D 1 1 1
El 3 3 3
Fi1 5 5
G 1 1 5
H 1 1 1
I 1 1 1
J 1 1 1 1
K| 3 3 3 3
L 1 1 1 1
M| 2 2 2 G2 ey
N 1 1 1 1
o 2 2 2 2
Sumi 22 26 30 34 38
Average/All 1.47 1.73 2.00 2.27 2.53
Std Dev 0.74 1.16 1.41 1.39 1.36
%/Max| 29.3% 34.7% 40.0% 45.3% 50.7%

The progress of data in Table 3-3 is as follows:
— The initial data is as it was previously, with appropriate statistics.
— Data 1: parameter F goes from 1 to 5—best to worst—and subsequently stays there.
— Data 2: parameter G goes from 1 to 5 and subsequently stays there.
— Data 3: parameters H and I go from 1 to 3 and subsequently stay there.
— Data 4: parameters A, B, K and M each deteriorate by 1 category.
What effect does all of this have on the statistics?

— The sum deteriorates by 4 at each step.
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— The average category deteriorates by about 0.267 at each step.
The standard deviation shows a wider distiibution, then narrower as the scores all get higher.
The % score increases by 5.3% at each step.

Each mcrease of a category by 1 step for any parameter supplies an increase in the percent score of
1.33%.

In each of the cases above, tle subsequent data saw a change of category from 1-5, or two at 1-3, ox
4 increasing one category. The number of individual category steps is the same in each case. In
addition, it is true that the sum, the average, and the percent max all reflect an increase.

What the raw data means:

Subsequent Data 1: Parameter F has gone from a 15-vear timescale to intervention needed
m 1 montl, and a PoF estimated at 1% has gone to 12%. This is an
urgent situation and requires a measured response; the changes in the
AHI staustics do not reflect the urgency of the simation.

Subsequent Data 2: There are now two parameters at most urgent — 12% PoF estimated; if
these were independent parameters, their combined likelihood of
causing a failure would increase to ~23.5%. The statistics vielded by the
scores do not reflect the actual urgency.

Subsequent Data 3: Two parameters going from 1-3 increase the statistics as per a 1-5
change; however, the urgency does not change greatly overall for the
acmal asset. The usgency is driven by the highest score and may be
modulated by other elevated scores. In this case, two patameters
changing from 1% to 2%, in the absence of any other change, would
almost double the PoF.

Subsecuent Data 4: 4 individual step changes of category, and the statistics reflect the same
vagation as the other subsequent data sets; however, the elevation in
wgency 1s much lower, as the contribution from the four parameters
rises from just over 5% to almost 9%.

In summary, the statistics used do not help identify an actual PoF based on the entries in Table 3-1:
and the urgency of the sitnation. The AHI rises, reflecting a deterioration, but the effect is diluted
through averaging.

3.3 Generating an AHI - Working Back
If the AHI is based on the Y%maximum, and two assets have dissimilar scotes, 1s the lower score less

urgentr Not necessarily—see Table 3-4. This table shows data from an original asset plus data from
TWO Sister 1its.
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Table 3-4: Base Case and Two Related AHI

Parameter Base Case 2 Case 3
Case

A 1 1 1

B 1 i 1

c 2 1 2

D 1 1 1

£ 3 1 3

F 1 4 1

G 1 1 1

H 1 1 1

I 1 1 1

J 1 1 1

K 3 2 3

L 1 1 1

M 2 1 3

N 1 1 1

o 1 2 1

Sum| 21 20 22
Average/All 1.40 1.33 1.47
Std Dev 0.74 0.82 0.83

%/Max| 28.0% 26.7% 29.3%

When comparing Case 2 in Table 3-4 with the Base Case, the sum, average category and %eMax have
all reduced, yet the data indicates that the transformer is in a far more urgent state. A Code 4 from
the assignations used in Table 3-1 implies a 4% PoF in the next vear. When reviewing Case 3, the
AHI is masginally deteriorated, reflecting the single step change in one category.

The problem? It is unknown whether a change in a statistic is due to one small change, or several
small changes, or some combination of large/small changes.

3.4 Adding Weights

We can add weights to the scoring system to favor particular parameters. Table 3-5 uses weights that
sum to 100 that then modulate the final AHI that has been based on the Y%Weighted Max.
The weighted average gives a similar, proportional score. Table 3-3 has the same raw data as used in
Table 3-4.
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Table 3-5; Weighted Parameters for AHI

Parameter Weight Base Case 2 Case 3
Case

A 5 1 1 1

B 5 1 1 1

C 5 2 1 2

D 5 1 1 1

E 5 3 1 3

F| 35 1 4 1

G 5 1 1 1

H 5 1 1 5

g 4 1 1 1

J 5 1 i 1

K 5 3 2 3

L 5 1 1 1

M 5 2 1 2

N 4 1 1 1

o 2 1 2 1

Sum! 100 21 20 25

%/Max 26.0% 42.4% 30.0%

The results in Table 3-5 show the deterioration in Case 2, as the parameter weightings are tuned to
reflect where the vauation is.

The problem is, as in Case 3, the use of weights may not reflect an urgent case if the parameter is
not strongly weighted. Patameter H in Case 3 has moved from best to worst—it is the most urgent
and has a high PoF. Regardless, the AHI has not risen greatly. How can a small change in a key
parameter and a large change in a minor parameter be differentiated? Without the raw data, the
answer remains nncertain.

Adding weights will help clarify those situations where what is expected to happen actually occurs,
but this method is much less effective where less expected events occur.

3.5 Extracting Meaning from an AHI
Can a PoF be deduced from an AHI as demonstrated in Table 3-57

If the weights are uniform, then any category change of one step will produce a net change in
%oMaximum score. If the PoFs assigned in Table 3-4 are uniform {say 1%, 2%...5%) then a net
change in the score can be linked to a net change in PoF; the link is not purely arithmetical in that
probabilities can’t just be added (see APPENDIX E). Simple addition could be close to a correct
answer, depending on the PoFs assigned.

The lett side of Table 3-6 assumes 5 categories and assigns linear PoF from 1% through 5%; the
right side has linear PoF at 10% through 50%. On the left side, the 15 parameters are each assigned
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an initial PoF based on the lowest category, 1: best condition: 1%; the data is then changed by
amending parameter O in column 1 “Large Step” to be the worst: category 5 or 5% PoF. Parameter
L through O are then changed in column 4 “Small Steps” to be 1 category worse than the initial
data, category 2 or 2%,

Table 3-6: Combining Assigned PoF

Parameter Initial 1 4 Parameter Initial 1 4
Large Small Large Small
Step Steps Step Steps

A 1.0% 1.0% 1.0% A 5.0% 5.0% 5.0%

B 1.0% 1.0% 1.0% B 5.0% 5.0% 5.0%

C 1.0% 1.0% 1.0% C 5.0% 5.0% 5.0%

D 1.0% 1.0% 1.0% D 5.0% 5.0% 5.0%

£ 1.0% 1.0% 1.0% E 5.0% 5.0% 5.0%

F 1.0% 1.0% 1.0% F 5.0% 5.0% 5.0%

G 1.0% 1.0% 1.0% G 5.0% 5.0% 5.0%

H 1.0% 1.0% 1.0% H 5.0% 5.0% 5.0%

I 1.0% 1.0% 1.0% I 5.0% 5.0% 5.0%

J 1.0% 1.0% 1.0% ] 5.0% 5.0% 5.0%

K 1.0% 1.0% 1.0% K 5.0% 5.0% 5.0%

L 1.0% 1.0% 2.0% L 5.0% 5.0% 10.0%

M 1.0% 1.0% 2.0% M 5.0% 5.0% 10.0%

N 1.0% 1.0% 2.0% N 5.0% 5.0% 10.0%

O 1.0% 5.0% 2.0% O 5.0% 25.0% 10.0%
Overall:| 13.99% 17.47% 17.42% Overall: 53.67%  63.42% 62.68%
Deita 3.47% 3.42% Delta 9.75% 9.01%

For the left side of Table 3-6, the overall PoF for the 15 parameters can be calculated. 1 large step
has a slightly lasger impact than 4 smaller steps. The change or delta in PoF is similar for the two
Steps.

For the nght side of Table 3-6, there is a different set of PoFs for the categories, starting at 5% for
category [ and ending with 25% for category 5. The same process as for the left hand side of the
table 1s followed. The resulting overall PoFs are much higher and the delta more exaggerated.

The tables show that combining PoF is not simple and leads to uncertainty. The tables also show
that combining 15 parameters, each mdicating a PoF of 1%, yields an overall PoF that is not just the
arithmetic sum, but is still quite high: ~14%.

Should a transformer with an estimated PoF of 14% be left in service for a length of time? If so, for
how longr
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On the right side of the table, there is a transformer with a parameter mdicating a PoF of 25%,
Should a transformer with a 25% PoF be left in service? How about 63% That is a business
decision, but the answer may well be no.

The analysis of AHI meaning has been based on uniform linear weighting. If the analysis begins with
low PoFs and a linear distribution across all categories, say 1% through 5%, then the change in
YoMaximum AHI score can be related to a delta in PoF and the margins of error will be small;
however, the timescales for action assigned must also be linear. If the PoF is doubled, it would seem
reasonable to halve the time within which action is taken. This is not the case in Table 3.4. The
timescales are not linear and the PoFs are neither linear nor linearly related to the timescale, but
the timescales may be reasonable for the decisions being made and for the generation of an AHI.

What happens when weights are added to the analysisy The link between the change in %Max and
the net number of category changes is broken, as demonstrated in Table 3-4. This results in added
focus for the AHJ, but there is no means to relate the change in AHI to a change in PoF.

3.6 Summary

An AHI based on uniformly linearly weighted categorizations, which have a uniform and hnear set
of PoFs, does allow a relationship between a change i the AHI and a change in PoF. The PoFs
assigned to each category must be very clear. The PoF should be liked to a timescale for
action/intervention, which relates to the PoF. Care must be taken when setung up such an
approach, as the combination of individual PoFs from multiple parameters is not simple arithmetic.
Generally, a uniform lineasly weighted set of categorizations, based on a linear assignation of PoFs
to the category, allow for 2 monotonic AHI where a higher AHI has a higher PoF.

An AHI based on non-uniform weighted categorizations loses the tenuous link between AHI and
onginal PoFs for each category and thus for each parameter. The monotonicity is also lost since a
higher (or worse) AHI does not necessarily mean a more urgent sitiation.

Weighted or unweighted approaches to AHIs should be designed with caution and a clear aim in

mind. When set up correctly they can give an indication of average condition. They usually do not
relate to the urgency of response required.
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4.0 EXAMPLES

The examples given here are almost all in current use for asset ranking. The link to probability of
failure is not usually well defined, and may be difficult to justify or verify.

4.1 Delphic Approach
The Delphic® approach to AHI is based on expert opiion and consensus, and is built around
expetience and available data [1}, [12]. Each asset of interest is assigned to an AHI category as

shown in Table 4-1. This simple model is based on 4 categories, with 1 being Good and 4 being
Bad.

Table 4-1: Four Category Delphi AHI

Code | Description

1 Asset is expected to last for the foreseeabie future, and at least 15 vears

2 Asset is expected to last up to 15 years but may need to be replaced in 5-15 years
3 Asset is expected to last up to 5 yvears and may need to be replaced in 2-5 vears

4 Asset is on active list for replacement within 2 years

The approach uses condition infonmation to rank assets and help plan for future interventions in a
simple but justifiable manner. Thete is a timescale associated with each code. It can be used to check
that the distdbution of assets into categories Is reasonable given known population failure rates. If
the expected annual failure rate is 0.5%, then in the two years associated with code 4, it is expected
that about 1% of the population will fail. If the number were higher, more would be expected to fail
m the two years than in the populations that gave the expected failure rate.

Given that the units in code 4 are in poorer condition, they are espected to have a higher failure
rate, and thus the 1% limit in the example here should be an upper Limit. The Delphic approach is
loosely defined, so the distribution of assets should be used as a guide rather than a constraint.

The Delphic system has been used in the US and other countiies to rapidly generate an AHT for
investment purposes in a regulatory environment. There are no formulae for deriving the AHI from
raw data since this is left to expert opinion. There are also no formulae to compute a PoF given the
AHI, although there is some implicit indication based on the timescales for each code, and the
approach could be extended relatively easily.

4.2 Semi-Automated Delphi System

In this approach, an AHI is developed automatically based on available condition data, and then
assets are assigned to condition codes manually, such as those shown in Table 4-1. Component
scores are used in the automated generation of the AHI, and when data is difficult to analyze
automatically, an expert scale is used to develop the component scores [33].

The AHI is built on logarithmic scales so poor scores stand out, as discussed in Section 3.0. A partial
ndication of the process is given in Figure 4-1, where transformer identifiers have been removed.

# Name based on the Oracle at Delphi who was said to predict the future.

51


jjoly
Text Box


wi -

snsaz Anpenb 10

ssuvumroysad [edrueydIw pue TEULIDI DIMIIIIP TOT EIEP Uo Paseq) STUTUIM /2307y —
SOILI AT UMOTR] UG PIsEq Patayud Afenueur o3¢ yorgm rerudenuLw pue ufisa]  —

]

+10J SIEIUD 2pn[duf $23028 Juduodwos sy .

s1s{jpuy parewomne-fuag ofeog Sory -4 2131

0561
£96L

B 1AV YA OZL A ovGLE
BAM IV YAW OPZ AX ZE1L/000
VAN 081 AN ZEL/GL2
YAN OZL AM ZELGLE
VAW 0Z1 AN ZEL/GLT
VAW OFZ AN ZEL/GLE
YAW OZL AN ZELISLT
WA OVZ AM ZELISLE
YAW D2 AM ELLA00OF
YA OPZ AN ZEL/O0Y
YAW OFZ A EELISLT
YAW OFZ AN ZELICOY
VAW DOL AN EE/SLE
VAW USL AM SLEI00Y
VAW OZL A% ZEVGLE
VAW OB AN S9/GLZ
WA 021 AN ZELIGLE
YAW D00L A SLZ/00%
YA OZL AN TELIGLE
VAW OFZ AN ZEL/00Y
ts20 Tennuen g potey ofiey

TRIAL -1 OM VN
SHUPIAA pUT BOD HRIUSUOD HEiBAd

g o Krgigegoud op NIPRT G ay Suipsie

52


jjoly
Text Box


Transiating the Health Index into Probability of Failure

Each component may have several sub-components and each of these sub-components is scored on
a logarithmic scale. The result is a league table based on condition. The table includes two scores for
overall condition. The Now score is based on an assessment of the current condition. Options for
nutigating problems, based on suspected failure modes and causes, are considered. The Mitigated
score 1s an assessment of the condition that the asset would be in if mitigations were carried out.
This allows the calculation of a Possible Improvement score. This is useful as it mdicates whether a
particular unit can be addressed successfully or should be removed from the system.

The league table is used as a basis for reviewing individual units and assigning them to one of a small
number of categories, as per Table 4-2, with 1 being Bad and 4 being Good.

Table 4-2: Category Delphi AHI

Code | Description

i In a state requiring replacement, expect to fail within 5 years

2a Faulty transformer, expected to deteriorate to health index 1 within 5 years
2b Faulty transformer, expected to deteriorate to health index 1 within 5-10 years
2C Faulty transformer, not expected to deteriorate further

3 Transformer with known design defect but no active fault

4 No known fault or design defect

The approach has a number of mteresting features, including;

— The different code 2s indicate not just how the transformer has currently been assessed, but
also indicates future assessments. This is somewhat similar to Markor Models discussed in
Section 2.0, but the smooth traverse of different states on the way from Good to Bad may
not occur smoothly,

—  There are timescales associated with deterioration, based on component scores and
suspected failure modes.

This method was applied to a population of about 1000 transmission transformers. The process was
as follows:

— Transformers from the league table were manually assigned a Condition Code.

— Codes were reviewed.

— Code 1 transformers wese replaced or planned for replacement.

— The feedback loop was closed by analysis of units identified and taken off the system,

A review of nnits removed from service in 2011 and 2012 compared the as-found condition with the
predicted Condition Code:

A total of thirty transformers were scrapped during 2011 and 2012, The actual health index
was the same as expected for twenty cases, differed by one category in five cases, and
different by more than one category in five cases. The actual health indes was better than
expected in seven cases and worse than expected in three cases. 7
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This system has some strong benefits, since a condition code is justifted based on data and agreed
method of analyses. There is an implicit probability of failure in the timescales involved, Feedback
analysis has shown that there is justification in the approach, but some room for improvement.

4.3 Exelon

Exelon [36] describe a long-standing Asset Health indexing system for transformers, breakers,
switches, lines, cables, and batteties that supports maintenance puoritization and asset replacement.
Exelon is working on modernizing the system to allow data to be uploaded automatically.

The system provides a ranking of assets, but no good indication of PoF.

4.4  SP Energy Networks
SP Eneigy Networks have 2 multi-purpose AHI [37] for any asset based on:

— Design Standards

— Detertoration

—  Operational Issues

—  Vicmity and Location
— FPault Rate

— Criteal Tssues

— Mamtenance Spares

The actual caleulations indicate that risk, instead of asset condition or health, is the driver within an
Asset Management framework; however, only those issues that relate to Asset Health could be
related to PoF. This system does not allow for the calenlation of a PoF, as there is no simple way to
connect the two i a meaningful and consistent way.

4.5 Hydro One

The work at HydroOne [37] aims to provide universal understanding and consequently acceptance
of the health analysis and health indexing within the organization, and provides a common ground
for discussion and investment strategies [38]. The actual AHI is a weighted system on a 1-100 scale.
Dynamic and up-to-date data is preferred, and those data points that are not likely to trigger an
ntervention or investment are not considered.

Assets are categotized based on risk. Appropriate strategies for intervention are then defined.

As with other weighted aggregated systems for AHI, it is almost impossible to relate this AHI to
a PoF.

In a separate docuument [39], HydroOne reviews their distribution assessment. There is a focus on
lugh-value assets, which are ranked in 2 manner synonymous with AHI. There is also differentiation
between defect management and deterioration. The system follows the methodology of a standard

weighted aggregated AHI. HydroOne notes a need for calibration across asset classes.

It is stated in the HydroOune review (and in other papers and reports [20], [38], [39]), thar a Lealth
index should have the following properties:

— Indicative: must indicate the overall assets’ healtly,
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— Objective: the index must be verifiable to industry standards, observations, and PoF.
— Simple: should be easy to use.

The problem with a weighted system is that the relationship between AHI and PoF is ill defined.
Furthermore, as highlighted by Table 2-1, a weighted aggregated AHI may actually e masking assets
m poor condition and may not be a good indication of overall health.

4.6 XCEL Energy Transformer Condition Assessment

XCEL Energy began a comprehensive Transformer Condition Assessment program in the eatly
2000s [40] with the aim being to prevent in-service failure. Their base criterion was to begin with the
obvious and identify those units that were more deserving of deeper analysis. Their method
mvolved:

— Comparing families,
— Looking for multiple problem indicators, and
— Looking at ways to provide feedback and adjust/improve.

The process allowed everybody to provide input in all stages, from review of available test data to
ranking, Data was interpreted according to standards, experience, and relevance. Where data was
found to be questionable, it was discarded.

The result is a manual coding system based on 1 being Good to 5 being Bad, with the distribution of
assets in the classes being checked for quantity. Although there is no formal relationship identified
between coding and PoF, it is accepted that that poorer units need to be addressed first.

4.7 'TATA Power System

Kini ef a/ [41] desciibe an approach to developing AHI for transformers. Some details of this
approach are reproduced in Appendix C. The approach has clear aims, which are to:

— Organize available results and data;

— Manage transformers by ranking them to justify replacement, maintenance, etc.;
— Mouutor the population over time; and

~ Generate a dashboard for management.

In developing the Transformer Health Index (THI), measured parameters were subject to analysis
and mnterventions planned by:

— Standardizing frequency of testing and limits for test parameters;

— Considering operational and maintenance data and using it for background context;

— Recommending (standard) correction actions to be taken in case of parameter violation;
— Generating violation reports at a centralized location; and
— Suggesting analysis for risk mitigation.

1

The THI developed is based on a 1-100 system, similar to others in the mdustry. Once sub-
component weights are identified, major component analysis takes place as per Appendix C,
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Figure 4-2 1s a flowchart for THI It shows that the process starts by identifying the analysis of basic
or Tier [ factors. Manually assessed factors that are described as Tier 2 are used to adjust the final
THI
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Figure 4-2: TATA Flowchart

Note that the Adjusting Factor includes expert assessment of operational data.

Health mndices are given on a 1-100 scale, as shown in Figure 4-3. A qualitative assessment of the
PoF 1s also provided with an estimate of the expected life.
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Health " . , . .
index Condition Probability of faiture Requirement Expected life
There is a low risk of failure
and no additional
) . Normal More than
86-100 maintenance or capital .
. . bBaintenance 15 years
improvements are expected in
the near term,
There is a low risk of failure
and no additional
) ) Normat More than
71-85 maintenance or capital .
. . Maintenance 10 years
improvements are expected in
the near term.
There is a medium risk of Increasin
- failure and detailed diagnostic . '8 Upto 10
51-70 . . . . diagnostic
testing / inspection will be . years
. testing
required.
There is a high risk of faifure
and replacemeant or rewindin
. p - . & Plan Less than 3-5
21-50 is required within the next five
... . replacement years
yvears to mitigate bmminent
failure.
There is a very high risk of .
. v Mg immediately .
fatlure and replacement or . At End of Life
0-20 e e . assess risk and
rewinding is required as soon {EOL)
. replace
as passible.

Figure 4-3: TATA THI Evaluation

The process of developing a THI is formal, but there ate areas where judgment and heuristics apply.
The outcome is a weighted system focusing on known failure modes. The results have estimated
timescales that provide a basis for a loose PoF calculation. The weighting approach means that the
relation is not monotonic and thus difficult to calibrate and evaluate, and any sense of urgency is
lost.

4.8 Austin Energy

At Doble’s “Life of a Transformer” Seminar, 2015, Austin Energy [43] described a transformer
Asset Health Index system, which they were using to support capital investment. The system has
several levels:

— Iniual Health: based on Manufacturer, Load factor, power factor, base DGA

— Dynamic Health: based on subsequent test data including further DGA and offline tests
— Current Health = Initial Health + Dynamic Health

—  Cuticality: based on system impact of failure

— Imtial Risk = Current Health * Criticality

— Final Risk = (Initial Risk * Age Factor) + LTC Type Factor
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The approach covers many aspects and uses weighted calculations and interpretations to derive the
various scores. A lot of engineering judgment is used. The result is a league table, as per Figure 4-4.

Substation A| TRO1 | 13KV MFGA [141.7 1.2 170,04 1
Substation B| TRO5 | 35KV MFGB | 71.7 1.9 136.23 2
Substation C| TRO3 | 13KV MFGC [131.7 1.2 158.04 193.84 3
Substation D] TR02 | 13KV MFGA |76.7 2.1 161.07 181.07 4
Substation E| TRO1 | 13KV MFGB | 56.7 1.35 76.55 164.21 5
Substation E| TR02 | 13KV MFGD |36.7 1.55 56.89 142.58 6
Substation F| TR06 | 13KV MFG A 59.7 1.8 107.46 138.21 7
Substation G| TRO1 | 35KV MFG B 56.7 1.3 73.71 137.4 8
Substation H| TRO3 | 13KV MFG B 71.7 1.55 111.14 136.7 9
SubstationI | TRO3 | 35KV MFGE |41.7 1.2 50.04 130.04 10
Substation J | TR04 | 13KV MFGD |83.3 1.55 128.12 129.12 11
Substation K| TR02 | 13KV MFGD |54.7 1.35 73.85 128.62 12
Substation L. | TR04 | 13KV MFGE [41.7 1.55 64.64 127.87 13
Substation M| TRO1 | 13KV MFGF | 46.7 2.05 95.74 125.31 14

Figure 4-4: Austin Energy Weighted Health and Risk Scoring

The Criticality factors seem to lie between about 1 and 2.1, and do not relate in any way to the
health scores. The approach used at Austin Energy provides justification for an AHI and derives a
value that is useful in determining which transformers are in poorest condition and which are at
most risk. The system provides a basis for action and an opportunity to improve in the future.

The ability to determine a PoF is minimal, particulatly since final scores are a function of criticality
to the power system; but determining a PoF does not seem to be an aim for the system. The system,
however, does work for its purpose, which is providing a ranking for investment.

4.9 US Utility

One US udlity has shared some details of their AHI approach, using weightings to derive a
normalized health score between 1 and 100 and adding a consequence score to allow for risk
calenlation; however, the system is set up such that if a bushing goes from the best possible to the
worst possible score, mdicating imminent failure, the AHI may not even cross the lowest level of
concers.

To simplify matters, the AHI in this system has been renamed PoF; however, since this is a
weighted system (which can mask imminent failures) and the final score includes a consequence
score (which is not related to any failure modes}, it is unlikely that this score can represent a PoF.
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Units assessed as being in the high PoF category have not been represented in the actual failures that
have occurred over recent years. Thus, the validity of the system is questionable.

410 Calpine

Calpine has applied a systematic analysis of their transformer fleet after two incidents in 2011 caused
major mterruptions. They have worked on a regular review with Doble Engineering [43].

Calpine uses a comprehensive review where available data is collated to produce an agreed scoring
and AHI methodology, “setting standards and guidelines to continually evaluate the overall health of
all ol filled transformers™ {43].

The analysis is proprietary, but uses a weighted sum approach to identify long-term issues. Note that
short term and operanional response issues are dealt with separately during regular data reviews.

The result 1s a cost avoidance program that has demonstrated major savings. Costs avoided to date
are m excess of STIM.

The aim of the analysis is to identfy issues and plan appropuiate intervention in order to reduce
unespected problems on their plant. At present, the aim is not necessatily to identify the remaining
life of each fleet member, but that is a likely aim for the future.

The approach does not support the derivation of a PoF. The weighted scores are non-linear and
provide only a general, non-monotonic relation to PoF. The system has, however, proven very
useful.

4.11 UK Power Networks Report: Asset Stewardship Report, 2014

The UK Power Networks report is one of approximately 20 reports UK’s Distributed Network
Operators are required to produce for the UK Regulator [44]. This document is used to drive

mvestment in the 132 kV network and to justify the replacement of existing infrastructure.

The 132 kV transformer age profile is shown in Figure 4-5.
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Figure 4-5: UKPN 132 kV Transformer Age Profile
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The age profile shows 2 significant investment during the 1960s. The document notes that “although
asset age is not a prmary investment driver...it does have a cumulative effect on the serviceability of
some of the assets” [44]. Reliability is linked to asset age only by cumulative operations.

Condition measurements are derived from inspection rounds, governed by the UK Power Networks
(UKPN) document titled “The Substation Inspectors Handbook”. The handbook details how to
obtain data from handheld devices, maintenance results, and oil analysis [44].

The AHI is generated via a process of weights and analyses, including heuristics, as shown in Figure

4-6. UKPN notes that data validation and data completeness are issues.
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Figure 4-6: UKPN AHI Process Flowchart

The resulting AHI is a combination of several subsidiary AHIs and is not specifically linked to PoF,
however, the AHI is justifiable in context and of value to the company.

4.12 Japan: CIGRE Poster

At CIGRE Paus, August 2016, Kobavashi et al. presented a poster on the latest work on AHI in
Japan [45].

As investments in the face of deregnlation rise to cope with increasing power demands, the anthors
note the challenges and benefits of an AHI as one of four key areas of focus. They also focns on:
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— Counsolidation of failure data,
—  Predicted failure rates (with respect to economic life), and
— Substations as a complete system.

They developed an AHI for 66 kV transformers. It is a nux of condition and consequence, which, as
a discussion with Mr. Kobayashi confirmed, makes it more suited to risk analysis. The potential
problems are the ntermingling of possible condition factors such as rising DGA or poor tap
changer condition, with criticality factors such as the presence of PCBs in oil entailing a more
substantial clean up. The system does not seem to be calibrated and has different scores possible for
different contributing factors. DG4 may contribute up to 10 points, while mwinding configuration may
be 47.

The calibration of scales is not stated.

The system 1s proposed to allow for the ranking and identification of assets that need replacement.
At present, the authors believe that there would be little chance of developing even a monotonic
relationstup between the AHI and PoF; howerver, further discussions with Mr. Kobayashi and his
colleagues are planned to help develop a better understanding of the system.

4.13 ComEd Magazine Article

Graves, of Commonwealth Edison (ComEd), notes that their asset assessment initiative [46],
beginning in 2007, weighted a number of components based on multiple data sources and resulted
in a 1-100 score. The assessment was repeated quarterly to provide a snapshot of asset status. The
present approach is to add in real time data, possibly including Phasor Management Unit data, to
allow for more frequent updates and an analysis that is more comprehensive.

It seems that ComEd will continue with a weighted approach, and will use their AHI as an input to
their risk analysis, which uses a traditional condition/ consequence chart. There is no indication as to
timescales for action, or for calibration of component scores and actions. The result is an inability to
link AHI to PoF monotonically.

4.14 Kenya Power & Lighting Co., Transmission Power Lines

[47] shows the development of an AHI following a formulaic approach, featuring a weighted set of
mputs and a 1-100 score. The authors assume a bathtub curve for asset ageing and failure rate. The
key parameters are evaluated using expert analysis or reference values, and are weighted as per Table
4-3.
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Table 4-3: KPL Transmission Line Evaluation

Condition Grading Weight | Max score
Corrosion on insulater hardware 1-5 6 30
Tensile test 1-5 3 5
Partial discharge test -5 4 20
Insulator dara I-5 6 30
Conductor general condition 1-3 2 10
Concrete hammer (est 1-5 2 10
Caontact Resistance 1-5 §] 30
Infrared 1.5 6 30
Corona imaging 1-5 2 10
Acoustic test 1-5 2 10
Ultrimonic lesl -5 2 )
Tower general condition 1-5 4 20

PoF i1s discussed only qualitatively and the relation between the AHI and PoF is neither described
nor identified.

4.15 KPL: Mombasa Network

In a 2012 paper, Bosire [48] describes KPL (Kenya Power & Lighting) work on transmission line
AHIs with a focus on assets in one district. Four categories are defined, based on assessed
imminence of failure and the previously-developed AHI:

— CRI1 15 a condition in which there is no detectable or measurable deterioration and no
increased probability of failure.

~ CR2 s where there is evidence of deterioration that is considered to be normal ageing and
has no significant effect on the probability of failure.

- CR31s a condition where there is significant deterioration that increases the probability of
failure in the short to medium term.

— CR4 represents severe degradation and indicates an immediate, significant increase in the
probability of failure.

The AHI is derived from a number of parameters, as shown in Figure 4-7.
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Figure 4-7: KPL AHI Derivation

The authors also look at the distribution of AHI scores and define further categories, as shown in
Figure 4-8.
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Figure 4-8: KPL AHI Distribution

A qualitauve indication of PoF is also given, as per Figure 4-9.
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Health Index Ranked Probability of Failure iRequirements
Condition (Pof)
i -
80-100 Very Good ELOW ENnrma] maintenance
60-80 Good Low but slightly [Normal maintenance
Hicreasing
40-60 Fair Rapidly increasing  but {Increased diagnostic testing ,
lower than pof at mean age [possible remedial work
30-40 Poor Higher than pof at mean Start plan to replace or
age and increasing considering risk and
consequences of failure
0-20 Very poor Very high and more than Immediate assess risk, replace
double the pof at mean age jor  rebuild  based  on
assessment

Figure 4-9: KPL AHI and PoF

The relationship described is monotonic, indicating that the lower the AHI, the more likely a unit is
to fail. The AHI is used to generate a PoF, and the PoF is used to drive action.

The problem is that weighted systems, as shown in Section 2.1, may not be monotonic, and some
units with a higher AHI may actually have an increased likelihood of failure.

The work done here is heuristic, but does not give a true representation of PoF. In addition, the
paper states that PoF will rise with age, which is contrary to what has been noted by many other
irvestigations and analysis; however, this may be true depending on failure modes and the ability for
condition to be improved via maintenance, e.g. painting.

4.16 UK Regulatory Approach for DNO Asset Indices

The UK Regulator for Gas and Electricity Markets (OFGEM) prescribes a system to calculate Asset
Indices, mcluding both health and probability of failure, for Distribution Network Operators
(DNQ) [18]. The document covers a range of asset types and has a range of tables and background
data to enable translation of asset, location, and operation data into a health score, with subsequent
modulation of the core based on observed and measured condition data.

A summary of the approach is given in Figure 4-10, where orange boses indicate data input to the

process by the user and blue boxes are values derived from the user data, look up tables, equations,
and other parameter values prescribed by the system.

64


jjoly
Text Box


Translating the Health Index inte Probability of Failure

Figure 4-10: Overview of UK OFGEM DNQO System

The method to derive the expected life of an asset is summarized m Figure 4-11. Orange boxes are
used to indicate user input. Blue boxes indicate the output. Yellow boxes indicate how the look up
tables are used with the input data and the given equations.

Given an asset’s expected life, modulation by location and operation gives an actal expected life for
a particular asset instance. The combination of Normal Expected Life and the subsequent
modulation to give an Expected Life allows for the calenlation of an asset-ageing rate.
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Figure 4-11: Derivation of Expected Life of an Asset
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An mitial health score is based on the asset age and its expected life. The score uses an exponential
relationship between age and health and is capped at a score of 5.5. This value is then modulated
based on observed and measured conditions and by asset-type-specific reliability modifiers. Future
health scores are capped at 15. As noted in Section 5.0, age-based replacements can be self-
justifying, even when replacing units at random.

Health scores are grouped into 5 Health Index Bands, as shown in Table 4-4. Average PoF values
are used for all assets in each band, based on the numbers given in the OFGEM document.

Table 4-4: DNO Methodology HI Bands

Health Index Health Index Banding Criteria
Band Lower Limit of Health Score Upper Limit of Health Score
M - <4
HI2 24 <B
HI3 26 <7
Hi4 =7 <8
HI5 28 -

The dervation of PoF is shown in Figure 4-12.
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Figure 4-12: DNO Methodology Derivation of PoF
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OFGEM’s process is well docuunented and detailed. For example, the relation between Health (H)
and PoF is given by the equation derived from the first three terms in a Taylor series expansion of
an exponential (Figure 4-13). The function is assumed to describe increasing degradation, but not
actually at an exponential rate.

Figure 4-13: DNO Methodology Health and PoF Equation

K and C are constants to be determined. If H<4, then a value of H=4 is to be used. The K value
scales the curve to desired limits. The C value is set so the probability of failure in the worst health
state 1s 10 times that of 2 new or best health asset. It is assumed that there is no infant mortality and
that failure rate only increases with age.

C and K values for different asset types are given. The expected asset life corresponds to H=5.5.
The first significant signs of deterioration occur when H=5.5. The normal expected asset life is
modified by location and duty factors, described in the document.

Initial and current ageing rates are calculated based on health score variation. Given that the health
score 1s a function of age, it seems to be a circular calculation,

An ageing reduction factor generates a recalculated health score based on the present health score.
This can be a way to reduce the offset and circularity introduced by the ageing rates and deal with
maccurate curve fitting,

The PoF of an asset is given as the maximum PoF of the sub-components. This is considered a
reasonable approach, but one that does not properly take into account the laws of probability (see
Appendices D and E}.

Multiple measured condition inputs are used to derive a measured condition modifier. This is the
point at which actal condition data is used. The Modifier acts as a multiplier on the age-based
health score.

DGA is used to provide its own modifier, but it is based on 5 key gases: hydrogen, methane
acetylene, ethylene, and ethane. Other gases are not recognized as indicating anything useful with
respect to transformer condition. Scores ate evaluated for each gas. The scores for hydrogen are
given mn Table 4-5.
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Table 4-5: DNO Methodology for DGA Hydrogen Condition States

> Hydrogen {ppm) <= Hydrogen (ppm) Cori;lgic:{c?ﬁesr:ate
-0.01 20.00 0
20.00 40.00 2
40.00 100.00 4
100.00 200.00 10
200.00 10,000.00 16

The overall DGA modifier is based on the equation in Figure 4-14.

Figure 4-14: DNO Methodology DGA Score

The percent change in DGA score is used to derive a DGA Test Factor from another calibration
table. The approach does not use any standard interpretation schemes and does not rdentify failure
modes.

Appendix D of the document discusses system failure modes, which are categorized into Incipient,
Degraded, and Catastrophic. The document describes these failure modes in the following way:

Likely Cost of Failure is the cost to return the asset to service (which may extend to full
replacement of the asset). This is determined based on the three failure modes considered:

- Incipient: The costs associated with addressing an Incipient Failure would not usually
necessitate full asset replacement. Unless otherwise stated, a value equivalent to 10%
of the Asset Replacement Costs has been adopted.

- Degraded: The costs associated with addressing a Degraded Failure wonld not
usually necessitate full asset replacement; however the works would normally be over
and above those associated with addressing an Incipient Failure. Unless otherwise
stated, a value equivalent to 25% of the Asset Replacement Costs has been adopted.

- Catastrophic: A failure of this type would necessitate full asset replacement. Asset
Replacement Costs have therefore been adopted, unless otherwise stated. [18]

These are really failure mode types rather than actual failure modes. Each asset type discussed in the
document has components which may fail, which are grouped into the three types of failure modes.
An HV tansformer tap changer is classed as an incipient failure, while a bushing failure would be a
degraded failure. This is interesting because actual failure modes are not discussed: not all tap
changer failures are slow, and not all bushing failures ate incipient. Either could be catastrophic in
consequence. The approaches used in identifving failure modes from ISO would be relevant here
(SO 18095 [11]).
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The relative proportions of failures for each type are used as a means to indicate the possible
consequence of falure. 11kV and 20 KV transformers have a 60% probability of a failure being
catastrophic, while for above 20 kV transformers the probability is set at 5%. Why the changer This
is not discussed in the document. Failure modes do not seem to be defined, as would be required in
a traditional Relability Centered Maintenance (RCM) approach.

The DNO system may be seen as having a comprehensive set of inputs, analyses, calibrations and
derrvations of terms which include the words probabifity and faifure. This system will allow for a
common methodology for asset assessment. In the opinion of the authors of this report, however, it
will not actually calculate a monotonic AHI, and the results may be misleading as a consequence.

The resulting rankings are predommantly age based, the modifiers are possibly subjective, and the
calibration tables are extensive, but there is little justification for any of the chosen values. Further,
the results are not actually PoFs but modified AHIs which may not be monotonically related to the
AHL It appears that the relationship of Health (H) to PoF is tenuous and does not reflect standard
tailure rate models or experience. This is certainly the case for lower values of H.

The OFGEM DNO methodology is substantial: the document is 198 pages and covers a lot of
different asset types. It does provide a way to view assets consistently across multiple organizations,
which is somewhat beneficial in terms of making comparisons. The AHI derivations are very
complex, are age skewed rather than condition based, and have intricate calibration processes. The
lack of monotonicity means the fina] AHI loses direct meaning and any resulting actions are not
calibrated by time. The complesity of the system may make the system difficult to implement
effectively and the nature of the system may make it likely that users do not question the data, the
system, or the results. This results 1n a “black box” approach that undermines the validity of the
AHI process. An illusion of accuracy and precision may result, so use caution when applying these
systems to ensure that interpretations are valid and meaningful.

4.17 Boston Water and Sewer Commission

Boston Water and Sewer Commission (BWSC) manages >800 miles of pipework, 600 miles of
storm dramns, and >80,000 structures [49]. An asset assessment was requited to support a 25-year
plan for system upgrades, capital improvements, and system maintenance. The work was based on a
review of the previous 5 years’ historical data, and an analysis to assess and rank assets.

The approach, called SCREAM (System Condition Risk Enhanced Assessment Model), requites all
data to be coded according to predefined sets of possible conditions, with higher scores being
worse. Instead of applying weights consistently across all components, the worst-case score for a
component is taken as a base and other scores incrementally added. The codes are such that a score
of 1 implies new condition while 100 implies failed condition, Grades are used to subdivide the 1-
100 range: Grade 0 being Good and Grade 5 being Not Good.

Each component is given a defect score (DS} on a 1 — 100 base. For three components, A, B & C,
the corresponding DS would be DS(A), DS(B), and DS(C). The overall score for the three

components, where C has the highest component score, would be derived via:

Overall DS = DS(C) + ({100 - DS(C)) * (DS(A) *(Weight (4) + DS(B) * Weight (B))
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Poor data led to musleading results when compared to newly generated inspection data, but these
misleading results were used to drive further inspections. Fignre 4-15 shows the results for pipeline
grades for different installations.
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Figure 4-15: BWSC Pipe Length and Condition Evaluation

The BWSC approach allows for an auditable trail from raw data through to assessed condition and
puoritised grading.

The scoring system retains an indication of the maximum score for a component. As with other
averaging and weighted systems, using an inverse function to work back from the score to identify
the maximum component is not possible.

The scores for a component relate to conditions that may not be calibrated in terms of time to
failure. Thus, it may be impossible to relate the final grading score to an actal timescale; there is,
however, some preservation of relative values, so higher scores are generally more urgent.

4.18 Small but Critical Stations

Staff from CERN made a presentation at “My Transfo 2016™ conference in Turin, Ttaly which
looked at priositizing maintenance for their oil-filled transformers supplying the CERN particle
accelerators [50]. They have a linear averaging system which looks for long-term health: it is based
on six factors, each scored on a 1-3 Dbasis, with an emphasis on ease of application by field
technicians during inspections. The system also allows for assets to be allocated to a condition that
requires uzgent intervention should certain criteria be met, for example, in inspections or becanse of
tests.

The system has several advantages in that it is easy to understand and apply; however, the system

may provide musleading data in that an uigent score from an inspection that requires immediate
tervention will be diluted by the averaging and not stand out in a final evalnation.
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In discussion, CERN realize that their system requires further refinement as the competing needs
for short-term intervention using maintenance and long term planning for replacement do not
combine well in the linear averaging system.

4.19 Kinectrics IEEE DEIS Paper

In an IEEE publication [51], Kinectrics discusses their Health Index as a practical tool that
combines the results of operating observations, field inspections, and site and laboratory testing to
manage assets and prioritize investments in capital and maintenance plans. In an extensive paper, the
authors describe how to categorize, weight, and collate data, including age.

The Kinectrics AHI is predicated on remaining strength, which is calculated from extensive weighted
variables, and assumes that the remaining life will be related to overall strength but does not account
for the dilution effect of individual failure modes through that weighting.
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5.0 ASSET HEALTH INDEX AND PROBABILITY OF FAILURE
5.1 General Introduction

An AHI may be viewed as a means to capture disparate data in a simple form, whether to rank
assets based on technical reasons or to justify the long-term investment plans of the financial group;
it 1s unlikely that an AHI will contain surprises since it uses known algorithms to summarize well-
understood data. Where there are surprises, they may relate to operational response being needed
for sudden varation in a parametex rather than to the long term investment plan being readjusted by
the millisecond as condition varies with load. Consequently, the AHI should be a concise summary
of what 1s already known.

In generatng an AHI, multiple data sources are included and multiple analyses and tools are used to
end up with a single number. Therefore, much mformation is lost in the process®. This loss of data is
well understood, and is acceptable if the result is useful. For example, producing an average and
standard deviation from a set of numbers is a way to summarize the set, but does not have the same
information content as the original set of numbers.

Betore developing the AHI, it must first be determined what information should be gleaned from
the one number. If that question is not clear, the value of the AHI will be limited. Encapsulation of
knowledge mto the one number may be precise, but if the answer is not related to the question,
there may be an issue with any application of the results.

For long-term planning, a degree of imprecision is expected and is probably acceptable, but this
degree should get smaller as the end date of the plan draws closer. For example, a plan for the
replacement of transformers in 15 years may have a selection of 10 units. There may also be another
15 or 20 units in similar condition which are not espected to require replacement. As the
replacement date gets closer, some units will have needed more attention than others, some will
have already failed, and some that are not part of the replacement plan will have failed. Note that
condition is only one reason for failure. External causes may also cause or contribute to failure (e.g.,
over-voltages, through faults, vandalism, or incocrect maintenance).

To generate a PoF from an AHI, the method of generating the AHT must first be examined. Is the
function reversibler Are there umescales involved and inherent links from data to failure modes with
known timescales of actionr If not, when should the time element be added? Without the time
element, a meaningful PoF cannot be developed.

This chapter will look at some of the uncertainty introduced in making measurements, performing
analyses, collating data, and generating an AHI. Subsequent chapters will then look back at ways to
generate a PoF from the AHI generated.

? Some AHIs may express the health of the assets in alternare forms, e.g., a colour or series of colours, a number and a colour, ete,
They may contain more or less information than a single number, but some information js always lost.

73


jjoly
Text Box


Translating the Flealth Index into Probability of Failure

5.2 Overview of AHI and PoF

An AHI takes a vauiety of data, often in continuous analog form, and generates a digital result. The
conversion from analog to digital removes information; the recovering of that information is part of
the process of generating a PoF.

Generally, we associate a higher PoF with a reduced residual life that requires more nrgent remedial
: 10
action .

If users want to translate an AHI into a PoF, the raw data and functions used to generate the AHI
need to be known and understood in detail. In addition, the relationship between the input
parameters is needed to see how they interact to produce an overall probability. The problem that
many AHI systems face is that they can produce the same final AHI value in many different ways, so
determining the urgency may be difficult. For example, an asset that is generally in very good
condition but has a faulty component that urgently needs attention is given an average score in many
systems. Another asset that is generally in a poorer condition but does not need nrgent attention
may be given a suniltar score.

1f an AHI is ultimately intended to produce an estimate of the PoF, then the AHI must be related to
expected failures and timescales. If qualitative values, which are not directly related to expected
failures and timescales (e.g., low, medium, and high'), become enumerated as an AHI, then the
resultant PoF is unlikely to be meaningful.

If a category or label of 1 through 5 is assigned for each input parameter or group of parameters,
each category should have a well-defined meaning that is related to probability and timescale. For
example, Category 5 may be defined as:

“Component in very poor condition. Repair or replacement required within 1 year.”

When each of the assigned categories are weighted, collated, and used to generate a single number,
any chance of a meaningful AHI may be lost if the functions are not well defined and related to
probability and timescales. The sense of urgency may also be lost.

The effect of uncertainty, starting with individual parameters, should be considered, as the original
measurement or data is not precise and covers a distribution. The uncertainty analysis can then be
extended to the category assigned to the original parameter. Combining multiple categorized
parameters with individual uncertainties may generate a lot of uncertainty in the final analysis, an
uncertainty which is based on both the parametric uncertainty and the loss of information produced
by the analysis itself (i.¢., the functions used to combine data).

10 Note that many assets requise routine maintenance e.g. replacement of springs and contacts. Regardless of the assessed AHI or
PoF, this routine mantenance “action” should be casried out as per the maintenance plan.

U If these terms are calibrated and related to expected failures and timescales, then a meaningful PoF may resalt.
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Systems of weights can provide both simplification and a way to obscure the original data. The
etfect of weights is to dilute and average out significant changes™.

A commonly used analogy for asset health and PoF is a car. What is the probability of failure based
on engine temperature or tire pressure? Both parameters can be easily measured, categorized, and
added together (possibly using weighting factors) to come up with a Car Health Index, but a
meaningful PoF of the car is unlikely to be estimated from this index. An index that included
additional patameters, considered the iteraction of parameters where appropriate, then considered
the probability of failure within a given timescale for each set of related parameters, may allow for a
meaningful PoF to be estimated from the index.

5.3 Elements of an AHI to Be Considered

To detive a meaningful probability of failure from an AHI, the different elements that go into an
AHI and subsequent PoF calculadon, and the relationship between them, need o be understood
and managed.

To derive a sensible result, parameters of interest need to be measured, variations recorded, failures
observed, and their causes noted. This is a challenge because a statistically meaningful number of
failures, which have been analyzed to accurately determine the interrelationship of the deteriorating
parameters that resulted in the failure, are unlikely to be available.

Elements may be described as:

- Raw data for a measurable parameter: an indication of an acceptable range and the
uncertainty m the measurement.

- Aview of the distribution of the parameter: measured for different families or asset types.
Umique, hand-made chemical baths are not commodities; they are not necessarily fungible,
so anomalies or outliers in the raw data can be identfied. When a parameter is measured, the
uncertainty in the measurement at each level gives a distribution of likely values.

- An indication of the relationship between the parameter and the probability of
failure: this is difficult. To do this properly, there needs to be a lot of transformer
measurements and resulting failures so individual parameter effects can be quantified.

- Using Anova table-style analysis reduces the number of measurements and indicates
some parameter inter-relationships, as with principal component analysis, but it still
needs a lot of controlled experiments and measurements [52]. In addition, there is a need to
look at hustoric values and try to deduce parameter-PoF relation from assumed logit or other
funcuon.

-  The AHI/PoF relation needs to be reasonably well defined in mathematical terms to
have value in collation to an asset PoF.

- A categorization of data to group data into bands: this is an Analog-to-Digital
conversion, a broad quantization into discrete bands of a continuous quantity with analog
measurement at near continuous values.

12 Note that in some situations, the use of weighting factors might also highlight a significant change, if a high weighting factor is
applied to 2 parameter that has changed.
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- Each category needs to be identified for bounds: each category has an average PoF, a
max and a min.

- A translation of a parameter value into a category: based on the uncertainty in the
measurement, there is a percent probability that the reading is in category x, and a percent
probability for each of the categories on either side.

- Individual parameters yielding individual PoFs need to have a combination
methodology so that multiple parameter measurements can be combined to an overall PoF;
Bayesian approaches and dependent/not-independent parameters.

- Categorized parameters should be combined into an overall category with a resultant
PoF and degree of certainty,

- Parameters may be grouped, categorized, and collated for a particular component.
Component scores are then collated for an overall score.

5.4 Parameter Measurement and Uncertainty

This section examines raw data and the means by which it can be related to true values: for example,
a hydrogen level from an oil sample in ppm, or a temperature in degrees C. It also examines the
uncertainty of this data and the impact the uncertainty has on its subsequent categorization, such as
when the data is allocated to a category as a 3 when there are five possible categories.

5.4.1 Measurements and Distribution

When a value is measured, the measurement technique and measurement system provide both
systematic and random errors. The result is only an estimate of the tue value. Numerous
measugements of the same value provide a distribution around the actual value. The distribution is a
function of the accuracy of the measuring instruments and the repeatability of the measurements.

It is common for measurements to form a Normal or Gaussian distribution, symmetrical around a
true value. An assumed distribution can be drawn based on the accuracy of the instrament and the
confidence nterval (C.1) which indicates how likely it is for the tiue value to lie within the error
range. The standard deviation is derived from the measurement value and error. C.I. is a measure of
the spread of the distribution.

For example, in Figure 5-1, a2 measurement of a parameter is 25 units of measure, made with an
accuracy or error of 10%. The accuracy of the measurement is usually supplied by the instrument
manufacturer. Note that the vertical axis represents the probability that the corresponding value on
the horizontal axis is the true or actual value.
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Single Parameter Distribution
Measurement Value =25  Error % =10 C.1.% =90 Standard Dev. = 1.52
0.3
0.25
0.2
0.15
0.1

0.05

0 10 20 30 40 50 60 70 80 it 100

hnmd 3113
Figure 5-1: Parameter Measurement with Normal Distribution

For a Normal or Gaussian distribution, there ate common values for the number of standard
deviations within which the true measurement is likely to lie. For example, there is approximately a
95% probability that the true measurement is within 2 standard deviations and a 99.7% probability
that it is within 3 standard deviations. The magnitude of the standard deviation depends on the
magnitude of the measurement, the error, and the CI1.

The distuibution of possible values measured for an individual measurement is different and
mdependent from the distribution of the range of possible measurements over a larger population.
For esample, power factor measurements generally approximate an asymmetrical Poisson
distribution, because the majority of the measurements from a population generally have a lower
possible value, as shown in Figuge 5.2,
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Figure 5-2: Distribution of a Population of Corrected Power Factor Results

The corrected power factor data for a large number of transformers, as shown in Figure 5-2, is
predominantly below 1%. There 1s an extended tail to the higher values, which are less likely to
appear in the population presented.

5.4.2 Probability of Failure

Althongh Figuse 5-2 gives a distubution of results for a very useful condition assessment test, it does
not indicate a probability of failure. Associating a higher power factor with a more deteriorated
insulation capablity, and thus an increased likelihood of fallure, may be correct; however, this does
not calculate or estumate the actual probability of failure. The proportion of the population which is
above a certain value could be calculated, but that still does not vield a probability of failure. Further,
the probability of a transformer failure would also be a function of other parameters and the
mteraction of some of these parameters.

To analyze probability of falure, a background in probability theory, Bavesian analysis, and
dependent/independent variables, is required; see Appendix D.

The connection between measured parametey values and the probability of asset failure is difficult to
make and is usually tenuous. For example, what is the relatonship between tire pressure and the
probability that a tire will failr What, then, would be the probability that the car will fail, possibly
catastrophucally, requiring replacementr How does that probability of failure change if the tire
pressure goes from 28 psi to 22 psir Do these probabilities change as other parameters change (e.g.,
the speed at which the car 1s travelling)?

To have a meaningful function relating a measured parameter to a probability of failure, there needs
to be data from multiple failures that would allow the relationship to be analyzed and a function
denved with likely errors and uncertainties.

For example, with tire pressure, repeated experiments where pressuges are recorded and then
increased until failure is ultimately mduced would need to be mn. Other parameters such as ambient
temperatuge, vibration level, etc. would need to be managed and controlled during these
experiments. With a large enough sample of tires of the same design, a relationship between pressure
and probability of failure for the tires tested could be identified; however, this is just one parameter
that affects the tire, and the tire is only one of the many components that may result in the ultimate
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failure of the car. Furthermore, the analysis with one set of data is probably only valid for one design
of tire. Other designs from the same manufacturer, or any designs from other manufacturers, would
probably exhibit different failure characteristics,

For large assets, such as power transformers, the vohune of data needed to relate measured
parameters cleanly to a probability of failure for a particular design does not exist. It would be costly
to induce failure in many transformers of manufacturer X and design Y while controlling all the
other varables and changing only one measured parameter,

There 1s a possibility that using the Anova techniques developed by Fisher [52]" can reduce the
number of data points needed when compared to individual controlled analyses; however, failures
covering a wide vatiety of parameters recorded across the range of independent variables would also
need to be known and confirmed.

Given all of the problems described, what options are available to allow for a meaningful estimate of
the PoFr One option is to estimate the curve that relates raw data to a probability of failure. For
example, assuming a linear relationship between parameter values and probability of failure could
result in a functon such as is shown in Figure 5-3. The probability of failure has a maximum of 1.0,
but it is likely to be very difficult to determine the value of the parameter at which failure is certain,
i.e., a PoF of 1. The range of the parameter is scaled to show values between 0 and 10, and is plotted
agamnst a limited range of PoF values.

Linear Relationship between Parameter &
Probability of Failure

0.25

Prabability of Faiture

Parameter Value

Figure 5-3: Linear Relationship for PoF

For some parameters the npper limit may be undefined, making a linear relatonship unrealistic at
high values. For example, a hydrogen value between 0 and 1000 may cover an appropuiate range that
can be assumed to correlate to a linear increase in PoF, but what happens if the level keeps rising? A
logistic type function may reflect the relationship more appropriately, as shown in Figure 5-4.

1* The reference does not specifically reference “Anova” tables or “Analysis of Vanance™ tables, but the details are clear.
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Linear & Logistic Relationships between
Parameter & Probability of Failure
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Figure 5-4: Linear & Logistic Relationships

The logistic relanonship, as shown in Figure 5-4, is one of several such curves that can be tuned to
reflect the limited measured data available. Bill Bartley, then of Martford Steam Boiler Insurance,
used such curves to model likely population failure rates in general in analyses of insurance statistics
[58]. The upper limit of the logistic function value asymptotically approaches 1, reflecting the
unlikelihood of a failure being certain. The lower, minimum probability value can be set to an
appropuiate level, reflecting random or esternally caused failures. Both the point where the curve
flexes and the rate of change can also be set.

The curves, shown in Figure 3-4, are examples that could be used, but they do not show the
uncertainty ot the error bounds. With the scarcity of actmal parameter-failure data, such curves are
usually ill-defined and usually shown without errors or uncertainty. This can be misleading as the
errors are so large that three standard deviations could fill the chart.

5.4.3 CIGRE Brochure 296 DGA Data

The CIGRE Technical Brochure 296 [53] summarizes data from oil samples taken from the bottom
of the main tank of a population of transformers. The samples were taken “shortly before or after” a
fault, so they can be assumed to correspond to the fault. The timescale of “shortly” is not defined.

TIEC 60599 is referenced throughout the document and is used as the basis for the analysis of the
DGA data. Only three companies provided data for the exercise detailed in TB 296. Consequently,
only a very small amount of data is used to develop charts that link gas concentration to probability
of failure. Any company wishing to perform a similar analysis can utilize IEC 60599 (or equivalent
IEEE C57.104) and use their own data. Results will depend on specific equipment and operating
conditions.

TB 296 defines the probability of failure m service (PFS) as:

PFS = (# cases with high DGA before an event) / (total # of analyses at any level of DGA)
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This definition results i an indication of probability based on a test, but not in an indication of the
accuracy of the test, e.g, false positives, true negatives, etc. Consequently, this is not an ideal
definition or method for calculating PoF. Please refer to Appendix D: “Some Aspects of Probability
Theory.”

For the three companies providing data, the Pre Failure Gas Concentrations (PFGC) are defined as
the level of the top 1% of results. For acetylene, the three companies have PFGC between 300 and
600 ppm. These figures are high. Figure 5-5 is the chart linking actmal ppm, the normalized percent,
and the probability of failure (PES).

90 98 99 Norm, in %
I T T
60 PFS. in %

[ ] ] ]
100 300 400 ppm

Figure 5-5: Probability of Failure and Acetylene Concentration (Copyright CIGRE 2006)

Figure 5-5 shows the sharp sise in PFS which might be expected from a logistic function. This is
reasonable as an approach, but to define the PFS based on a small population needs an investigation
of the raw data to determine the uncertainties. Usually a DGA’s values are within 10-20% of the true
value of dissolved gasses, so there may be significant variability when there is a distribution.

The chart s also extended to low concentrations. For a DGA sample with virtually zero acetylene,
the PFS is around 15%. Is that a valid resultr Are there about one in six units with low acetylene
failing each year? Is a year the appropriate timescaler (The timescale is not defined.) The probability
of transformers failing with a low ppm leve] of acetylene is very difficult to deduce, since most
records of failures relate to high levels of acetylene.

The TB 296 analysis would also benefir from a Bayesian inference, where probabilities are updated
as more evidence of information becomes available. Furthermore, the following should be
considered when reviewing the information m TB 296;

—~  That the defined value for PFS is based on values before a failure; the number of units that
had similar gas values but which did not fail should also be known.

— The prevalence of failure in the population.

— That the present system assumes a uniform distribution of oil samples being taken across the
population. More samples taken could drastically lower the PES, but the provided data does
not confirm this.

-~ All of the conditional probabilities would need to be known or estimated before the
conditional probability of failure given a certain dissolved gas level could be calculated.
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— How big are the data sets? Were any data sets left out?

The CIGRE TB 296 is mteresting and may provide an indication of a limit above which a failure is
more likely than not. The actual ppm levels are high and are based on an indetexminate amount of
data. The resulting chart has a relationship, but this cannot be verified because the raw data is not
available. The implication that very low concentrations of acetylene could have a PFS of 15% seems
excessive.

The aim of this discussion is not to criticize the efforts of the CIGRE experts who contributed to
this brochure over 10 years ago, but to show how difficult it is to relate parameter values to an actual
probability of failure. The CIGRE work is a good base for discussion, but shows that the need to
identify appropriate parameters for the individual population and control parameters of
manufacturer/design and operating conditions is not a significant consideration. This is highlighted
as the three companies that provided data have significant variation between them in terms of the
ppm levels of note.

5.4.4  What Are Acceptable Probabilities of Failure?

What is an acceptable probability of failurer How accurate must this value ber

If present failure rates around the world for an asset vary between 0.2% and 2% for different
organizations and asset types, a realistic rate would fall between those two values, but an acceptable
level also depends on the consequences of failure and the business context.

The consequence of failure is a function of the size and type of the load and a function of the
redundancy of the system at the point of supply. Safety, environmental, economic, and other issues
also need to be considered.

5.5 Parameter Categorization—Including Uncertainty

One approach to relate parameter values to PoF is to categorize the parameter into bands, with each
clearly defined band being numbered/labeled/named. It can generally be assumed that assets with
parameters in the bands that represent a worse condition, are more likely to fail. Categorization is
the compartmentalization of parameter ranges and associating the compartments or categories with
deteriorating condition.

Using a measurement of dissolved gas levels, 4 distinct categories based on IEEE C57.104 condition
codes could be defined (as shown in Table 5-1).

Table 5-1: IEEE C57.104 DGA Condition Codes

Dissolved key gas concentration Hmits [ul/L (ppm)7)
Status . -
Hydragen | Methane | Acetylene | Ethylene Ethane ( aarlu:n f’,:lrkon arng epab

i) (CILy) (€11 (CalLy) (©,Hg) monoxide ioxide pee

(L 4 -2l B3 L -2t (CO) (COs)
Condition 1 100 120 1 30 68 350 2500 720
Condition 2 101 - 700 121-400 29 51 100 66100 351 570 2 500 4000 7211820
{Condition 3 701 1800 401 1000 1035 01 200 101150 371 1400 4001 10000 1921 4630
Condition 4 > 800 =1000 >335 =200 >150 1400 =10 000 =4630
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Note that the codes in Table 5-1 do not indicate an action, a timescale for action, or a probability of
failure. The codes just relate to higher DGA values and the assumption that higher DGA values
relate to a more deteriorated condition. An assumption of relative probability (i.e., that higher codes
have a higher probability of failure) could be made; however, it is unknown how much higher the
probability is for each condition code.

It is not necessarily straightforward to decide how many categories to create and the boundaries for
each, but tlus 1s still an integral step. It is also important to ensure that there is consistency between
categories: a particular category for a hydrogen reading should have a similar implication for the
action required and the timescale as the same category for carbon monoxide. Each category label
should have a consistent timescale for action to indicate the same urgency of the results.

A set of category bounds can be overlaid on Figure 5-1. In this case, 5 categories have been chosen
which are uniformly distributed berween parameter values of 0-100. The data table for
categorization is shown in Table 5-2.

Table 5-2: Initial Category Bands for Data in Figure 5-1

Category Lower Upper
Limit Limit

1 0 20

2 20 40

3 40 60

4 60 80

5 80 100

There 1s no requirement to make the bounds nmiform or to limit the number of categories o 5.

Figure 5-6 shows the categories overlaid onto Figure 5-1. The original measurement has an
uncertainty that places the reading in the second categoiy 99.95% of the time. It would be in a lower
category just 0.05% of the tune.
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Single Parameter Distribution with Categories

Measurament Value =25  Error % = 10 C.l.% =90 Standard Dev. = 1.52
0-20 20- 40 40- 60 60 - 80 80- 100
0.3 0.05% 99.95% 0.00% 0.00% 0.00% 1
0.5
0.25 .8
0.2 0.7
0.6
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Figure 5-6: Five Categories Overlaid on Measured Parameter from Figure 5-1

If the reading is now changed to 41, and it is assumed that the percent error and the CI. of 90%
does not change, the result is now a standard deviation of almost 2.5 and the likely spread of
readings 1s higher, as shown in Figure 5-7.

Single Parameter Distribution with Categories

Measurement Value =41 Error % =10 Cl% =90 Standard Dev. = 2,493
0-20 20-40 40-60 60-80 80- 100

0.18 0.00% 34.41% 65.59% 0.00% 0.00% 1
0.16 0.9
0.14 0.8
0.12 07
01 0.6
0.5

0.08

0.4
0.06 0.3
0.04 \\\ 0.2
0.02 .1
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Figure 5-7: Five Categories Overlaid on New Value of Measured Parameter
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The fact that there is a measurement close to the category boundary at 40 means that a significant
proportion of likely true readings fall in the category below where the measured value lies: 34.41%
or just over a third.

The less accurate the measurement or the less precise the C.L, the wider the spread of possible tme
measurements. Tlus mcreases the chance of the consequent assignment of the score to the incorrect
category.

One of the consequences of categorization is that the original raw data may move out of sight. In
the charts shown here, a reading of 25 is very likely a category 2 (almost 100% certainty), and a
reading of 41 is likely to be category 3 (66% certainty) but may also be a category 2 (34% certainty).
If AHI calculations only use the final category, the raw data (the function used to categorize and the
uncertainty resultant in that categorization) moves out of sight. Subsequent calculations have an
unknown degree of uncertainty.

Any labels can be chosen for the defined categories. Numeric labels make calculation of a simple
asset health score easy. As discussed eatlier, simple numeric scores can easily hide problems that
need to be addressed urgently. Simple sumeric scores can also be used with weighted calculations,
but weighted calculations can further obfuscate the raw data and its meaning. Non-linear or log
scales can be used to assign numeric labels. The advantage of a log scale is that it makes more urgent
data stand out in a way which linear data does not. Labels can also be formed from letters, which
can be easily ordered, but prevent the simple sum of the labels assigned to the parameters being
considered for the asset.

5.6 Multiple Parameter Combination

This section examines the means to collating categories from more than one parameter into a final
score. Some of the techniques here were discussed in Section 2.0. Without a clear route to the raw
data, there is little chance of producing a meaningfil PoF from an AHI, but it may still be possible
to generate a relative value. It may, however, be impossible to generate a relative value from many
weighted systems.

5.6.1  Dealing with Uncertainty in Multiple Parameter Categorization

The data charts and categorization in Section 5.5 were for a simple case of a well-bound parameter,
ranging from 0-100, with evenly distributed categouies. If there were two parameters, the resulting
analyses would be similar, but the collation of resulting categories would be more comples.

Table 5-3 features two parameters: Hydrogen in ppm and Temperature in degrees C (degC). Both
measurements are given as 95.00, whicli may be inappropriate precision.
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Table 5-3: Two Parameter Reading and Statistics

Hydrogen Temperature

Measured Value 95.00 95.00
Error +/- % 10% 5%
Lower Limit (%) 85.50 90.25
Upper Limit (+%)| 104.50 9%.75
o 95% 95%
# of Std dev (from C.I.) 1.96 1.96
Std dev (ppm or degC) 4.85 2.42

In Table 5-3, the error in the measurement is given as a percent, allowing a lower and an upper limit
for error calculations. The Confidence Interval (C.I.) is given as a percent, allowing the number of
standard deviations covered by the error to be calculated and the value of the standard deviation to
be derived for each parameter.

Using the same approach as for the single basic parameter, boundaries for 5 categories can be
assigned, as shown in Table 5-4.

‘Table 5-4: Limits for Two Parameters—Hydrogen and Temperature

Temper- Cate-

Category Range Parameter Hydrogen ature gory Hydrogen
Hydrogen Temperature Lower 0 -60 0.00%
0-100 -60 - 80 Limit 1 100 80 1 84.89%
100 - 700 80 - 100 Limit 2 700 100 2 15.11%
700 - 1800 100 - 120 Limit 3 1800 120 3 0.00%
1800 — 5000 120 - 140 Limit 4 5000 140 4 0.00%
5060 ~ 10000 140 - 250 Upperi4 10,000 250 5 0.00%

Table 5-4 shows the likely membership of each category for the two measurement values in Table
5-3. Both readings are near a category boundary, but the error in the temperature is stated to be half
of that for the hydrogen reading. Consequently, it has a much tighter distribution and less
membership across the category boundary, L.e., ~2% as compared to ~15%.

One pair of measurements (hydrogen and temperature) and their estimated distribution allows for
candidate values to be generated for collation into a final analysis of AHI. A Monte Carlo simulation
could generate another 1000 pairs of hydrogen and temperature values by using the two actual
measurements, the other statistical mnformation from Table 5-3, and assuming a Normal
Distribution.

14 In theory, the upper liumt 15 not defined
1}. op
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For each pair of generated measurements, the category into which the measurement falls can be
idennfied. For example, if the randomly generated pair is (98, 102) as per Table 5-4, then the
category pair will be (1, 3).

There are different options for creating a total score by combining the two categories for each,
mchiding:

- Evenly weighting the category scores, which is the equivalent of taking an average;
- Taking the maximum category as that is the most urgent;

- Adding the scores together with weighting; and

- Sumsming the scores in some other way.

There are multiple options to display a final figure: as a category, as a score out of 5, as a percent,
ete.

The 1000 pairs of scores that were generated from the single pair of measured results and the
associated statistical information creates 1000 total scores. These 1000 total scores form a
distribution, giving an indication of the uncertainty of the result.

5.6.2  Linear Weighting — Parameters Each Contribute 50%

Figure 5-8 shows how the scores distribute for the evenly weighted average.

Distribution of 1000 Evenly Weighted Scores

SO0
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{1.5,831)

Count of Scores

(2.0,164)
(2.5,5)

Figure 5-8: Distribution of Two Parameters, Evenly Weighted

The result of the analysis is predominantly a final score of 1.5, with some cases yielding a 2 and a
few (0.5%) a score of 25. The varability of results reflects the uncertainty/error in the
measurements and 1s a natural part of the measurement process. The categories are precisely
defined, and so the pair of measurements could be in one of two or three categories, when the
uncertainty of the measurement is considered.

If the resultant score derived from using this system is 1.5, what is known about the original datar
Based on the categories, there must be one parameter score at 1 and one parameter score at 2. As
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explamed previously, each category should have a well-defined meaning that is related to probabilicy
and a timescale. Knowing that at least one of the parameters has been allocated to category 2
provides an indication of the appropriate timescale for action.

Similarly, if the final average weighted score is a 2, the original parameters could have been
categorized as follows:

- Both parameters could have been allocated to category 2, or
- One parameter could have been allocated to category 3 and the other to category 1.

Unfortunately, based only on the total score, it is unknown if there is actally a parameter in
category 3, meaning that the timescale or wgency for action is also unknown. If the raw data was
accessible, the categories could be checked and an urgency assigned to the final score.

5.6.3 Maximum Category Approach

Another approach is to look at the maximum score in each measurement pair. Figure 5-9 shows the
distribution of 1000 measurement pairs, which are categorized using the scheme in the previous
chart, and then the maximum score is used to give the final overall category.

Distribution of Maximum of 1000 Category Pairs
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Maximum Score for Measurement Pair

Figure 5-9: Distribution of Maximum Score of 1000 Category Pair Scores

P

Almost 98% of results are a category 2 and about 2% are a category 3. As long as there is an
estumated PoF or range of PoF for an individual category, then this approach vields the parameter
that is categorized as having the highest PoF and therefore requires the most urgent attention and
level of response. It would be necessary to access the raw data to determine which parameter/s were
in category 2 and determine what types of responses might be required in the appropriate timescale.

The maxunum category is, for the measurement pair data, generally higher than the result from the

weighting approach. A common effect of weighting or sumuming scores is to dilute or average out
any effect of individual categories, potentially masking problems that need attention more urgently.
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Choosing a method to combine two or more categories is mostly a matter of preference and, as per
the mtroduction to Section 1.0, the choice should reflect the ability of the final AHI to address the
mital question.

5.6.4 Eftect of Different Weights for Categories

Can reweighting categories change the outcome of the weighted analysis? In the Monte Carlo
Analysis of the measurement pairs, setting the hydrogen weighting at 80% and thus the temperature
weighting at 20%, a rerun of the analysis vields the data in Figure 5-10.

Distribution of 1000 Evenly Weighted Scores
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Figure 5-10: Weighting Hydrogen at 80% of Final Score

‘The reweighting has not aftected the overall distribution greatly. There are different oppormnities
for scores, as the weighting multipliers are now dissimilar. Regardless, the same criticisms still apply:

—  What does a score of 2 meanr
— What were the original categories?
— How nrgent is the simation?

The Maximum Category approach has hardly changed. There is some variation in the number of
generated measurement pairs with each of the possible maximum scores, as shown in Figure 5-11.
Note that the Maximum Category is independent of weightings.
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Distribution of Maximum of 1000 Category Pairs
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Figure 5-11: Maximum Category Distribution with Reweighted Categories

The Maximum Category is independent of weightings since it is calculated before weights are
applied.
5.6.5 Using Log-scales for Category Labels

The amm of a log-based svstem is to maintain an indication of urgency.
3 E1CY

For two parameters, a log scale approach can also be used. Table 5-5 shows a base 10 approach and
an approximation of a base 3 approach. Instead of weighting individual measurements, scores are
summed.

Table 5-5: Category Calibration

Linear Log Category | Log Category
Category Base 3 Base 10
1 1 1
2 3 10
3 10 100
4 30 1000
5 100 10000

In the Base 3 system, any score over 100 is worthy of immediate attention; in 2 Base 10 system, any
scoze over 10,000. That is, n both cases, any score that involves a measurement in Category 5 is
worthy of immediate attention. In a Base 3 system, three scores of one category add up to be
equivalent (in some cases approximately) to the next category up; in a Base 10 system, 10 lower
categories add to the next lugher category. Base 10 systems are also generally enumeration systems.
Note that with these logatithmic systems, particuladly the base 10 system, it is difficult for the total

score to hide or mask the effect of a bad mdividual score.
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A Base 3 Monte Carlo simulation of 1000 measurement pairs with no weighting vields a distribution
of summed scores as shown in Figure 5-12.

Distribution of 1000 Log Base 3
Measurement Categorizations
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Figure 5-12: Log Base 3 Summed Score Distribution

‘The same issue of score interpretation s still prevalent. What does a score of 13 or 11 mean? There
1s, howerver, a clear indication of urgency, as discussed previously.

A Base 10 approach has a similar effect to a Base 3 approach but, if the contributing categories are
Limited in number (to 9 or less), it has a useful enumeration effect. The final score gives the number
of contributing categories at each level. As an example, rather than use 2 parameters, let us take 8
parameters with base 10 scores as shown in Table 5-6:

Table 5-6: Base 10 Example—8 Parameters Evaluated

Parameter | A B C D E F G H

Category | 10 10 1 10000 | 100 100 1000 10

The fnal score, obtained by summing the mdividual categories, is 11231, reflecting the Base 10
approach. The benefit of the scheme is that each digit of the score represents a category. There are 2
contubuting individual scores with a score of 100 (Category 3), 3 with scores of 10 (Category 2), and
1 each of 10,000 (Category 5), 1,000 (Category 4), and 1 (Category 1). Each score is both a reflection
of the wgency and an encoding of the raw data. A score of 00161 has a highest contributing
category score of 100 for one measnrement, and has 6 other scores above the most benign category.

3.6.6  Urgency, Timescale, and PoF

The enumeration approach has been implemented by using timescales that are associated with each
category for action. The timescales do not give a PoF directly, but they do imply urgency, and the
associated timescale can indicate an implied PoF. If level 10,000 has an action timescale of 1 week,
that might imply a likelihood of failure 100 times greater than normal. This cannot be calculated in
any way: it is only an estimate based on knowledge and industry experience.
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A probability of failure can be nominated or defined for each category, based on industry
experience. When combining categories from different measurements, the key factor is that each
category, for any measurement, should have the same associated timescale. This allows for planning
actions, such as intervention with maintenance, refurbishment, or replacement, to be planed i a
coordinated manner.

The implementation of the Log 10 enumeration scheme employed an asterisk, such that the systemn
was designed for long term capital planning but any score which indicated an urgent review would
have an astetisk on it, allowing for a short-term tactical response in a strategic framework.

The asterisk approach can be used with any system to highlight those assets that need urgent
attention.

5.6.7  Extending the Experiments: 4 Parameter Monte Carlo Simulation

The two parameter Monte Carlo simulation can be extended to use 4 parameters, as shown in Table
5-7, with weightings toward a final total.

Table 5-7: Four Parameter Measurement and Distribution Statistics

Hydrogen | Temperature PD C2H2
(1-100)

Reading 105.00 95.00 46.00 4.00
Error +/- % 10 5 10 10
Lower 90% 90% 90% 90%
Upper 94.50 90.25 41.40 3.60
Confidence 115.50 99,75 50.60 4.40
# std dev 1.64 1.64 1.64 1.64
Std Dev 6.38 2.89 2.80 0.24
Weights 20% 30% 20% 30.0%

The parameter limits for categories are given in Table 5-8.

Table 5-8: Four Parameter Category Limits

Parameter | Hydrogen | Temperature | PD C2H2 Category
Lower 0 -60 0 0

Limit 1 100 80 50 2 1
Limit 2 700 100 75 5 2
Limit 3 1800 120 90 10 3
Limit 4 5000 140 g5 25 4
Upper 10,000 250 100 50 5

The resulting distribution of scores, as more parameters are added, begms to smooth out the
distribution chart, as seen in Figure 5-13.
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Distribution of 1000 Weighted Scores
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Figure 5-13: Four Parameter Weighted Summation Distribution

As more parameters ace added, there are more uncertainties and more ways to generate an individual
score using a weighted system.

Similardy, when a score changes, there are more ways that the change in score could have occurred.
Clarity is lost as to whether there was a small change in a heavily weighted factor or a larger change
in a less heavily weighted factor. The weighting system tends to dilute and average out the causes of
variation.

The maximum category approach continues to summarize the maximum value in each quartet of
measurements, as shown in Figure 5-14,

Distribution of Maximum Category

1000
900
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700 ¢ Y
500 . 3,
500 N
400
300
200
100

Figure 5-14: Four Parameter Maximum Category Distribution
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A logarithm approach could help identify sudden changes of state for the quartets of results. A
maximum value approach is likely sufficient to answer the question, assuming that there was a
clearly defined question at the start.

5.6.8 The Final Score — What Was the Question?

The AHI should be set up to answer a question. The question and the precision of the desired
response should be decided prior to developing the AHI.

After the AHI has been developed, check that the question is being answered appropriately. There
should be no surprises, as long as the data and the analyses are understood.

5.7 Categories, Assessments, and Combinations

In general, aspects of an asset that are assessed as part of an AHI evaluation need to be classified in
terms of whether they require tactical or strategic intervention and how they relate to the purpose of
an AHI

For example, tires may be inclided in a car health assessment, but the intervention to address tire
issues 1s not the same as to address the viability of the car. An AHI that includes the tires may be
skewed to address issues that are maintenance issues rather than longer-term replacement planning.
The tires may be considered a subcomponent of the asset that need their own AHI. It is nnderstood
that if the tres fail, they put the viability of the whole asset in jeopardy. The AHI for tires might
morze reasonably be called an Asset Maintenance Index, or AMI. Note, however, that routine
maintenance tasks, such as adjusting the tire pressure, should be done routinely in accordance with a
well-defined mamtenance plan. Routine maintenance should not be reliant upon a poor AHI result.
The information from this routine maintenance task (e.g., one tire needs significant amounts of air
added each week) can often feed into the AMI which will be used to determine if corrective
maintenance, such as replacement of the valve, is required.

For a large asset, there may be physical subcomponents that are analogous to tires. For a
transformer, these would include bushings, cooling system and radiators, On Load Tap Changer
(OLTC), oil preservation system, etc. Each may be deserving of its own AHI, and may contribute to
the overall AHIL It would be understood that the response to a bushing issue may be replacement,
and for an OLTC the response may be corrective maintenance. Neither of these responses would
contribute to the overall AHI for the main transformer active part.

Subcomponents may be physical devices, such as bushings, but they may also be logical groupings,
such as dielectric capability or thermal performance evaluation.

The dectsion as to what is included in an overall AHI, and how it is included, is up to the designer of
the AHI system, the question to be answered, and the approach to the question.
571 Sub-component Assessment Analysis

As an example of sub-components and the parameters being used to address them, Figure 5-15
shows 7 measurements that have been coded on a Base 3 logarithmic scale to vield 2 category, in
green on the Jeft. The example shows the possibilities.
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Figure 5-15: Multiple Sub-Component Analysis

Each measurement contributes through a weighted system to four sub-component assessments, in
puple, which are normalized. Those sub-component assessments are then brought together into
two super-component scores, which are again weighted and normalized. Finally, an AHI is
generated.

Each measurement could contribute to several sub-components. Likewise, each sub-component
could contrbute to several super-components.

The level of uncertainty associated with each measurement contributes to the uncertainty at each
subsequent level. The value of the AHI at each level answers a question appropriate to that level.

Although the original parameters were assigned to well-defined categories, each of which related to a
timescale for any required action, it is unlikely that the final score, or the sub-component scores, can
be easily and accurately related to a level of nigency or to a PoF.

5.7.2  AHI Effecuveness: A Cautionary Tale

This example is used to show that an AHI may seem to be providing value when, in fact, it is no
better than random replacement.

As a simple example, 20 transformers are given scores for DGA, Winding Condition, and Age. Each
cuteria is scored on a scale of 1-5, and a weighted sum calculated (see Table 5-9).
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Table 5-9: AHI Scores for 20 Transformers
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The weightings for each measurement are 10% for age, 30% for windings, and 60% for DGA. The
average of each contributing score is given at the bottom of the columus.

The overall population has an average AHI of 2.38.
What happens when some transformers are replaced at randomy

The new transformer should be in pristine condition, so the age will drop to the minimum, and the
DGA and winding scores will reset to new, low values.

In Table 5-10, two transformers have been randomly chosen and replaced, with the original
weighted score and the new weighted score shown.
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Table 5-10: Replacing Transformers at Random
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As seen in the table, the overall average condition of the population improves. This happens when
weighted systems have age contribute to the health score.

The problem is that if an age-related system, as shown, is employed, it will self-justify. No matter
what replacements are made, the overall population’s health will improve, thus justifying the
replacement.

To be both useful and of value, an AHI must do better than a system which replaces at random.

5.8 Generating an Asset PoF Derived from AHI

How can a PoF be generated from an AHI¢ Consider:

— The possible lack of clarity in the design of an AHI from the outset,

— The uncertamty in measurements made,

— The scarcity of definition in the functional relationship between parameters measured and
PoF, and

— The averaging and dilution effects in weighted approaches.

Can the single AHI number be translated to yield the information neededr This may be possible
using statistical analysis and justification of functions to transform an AHI to an Asset PoF.
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It depends on whether the data is available and whether the AHI can be unpicked to regenerate the
information needed. The AHI process removes and reduces information to clarify and simplify. The
details that were taken out to generate the AHI in the first place need to be put back. The chances of
recovering the details are better if the AHI is well-designed. There is little chance of recovering the
needed details from a poorly designed AHI that provides a meaningless result.

There are two distinct approaches:

- A functional analysis that involves working backwards from an AHI via the combinatory
functions to the raw data and the associated PoF; and

- A distributional approach, applying population statistics to AHI categories.

5.8.1 Functional Analysis

A functional analysis must be aware of how the AHI was set up, including:

- How were parameters codified?

- What timescales, if any, associate with the codes?

- What weightings or collation system has been used to produce a single numberr
- What are the uncertainties on the codes, based on the codification?

- Has any PoF been included in the development of the AHI (i.e., in the codes)r

There are several steps, as shown in Figure 5-16.

Parameter | Analysis Coding Subcomponent | Collation AHI
Measured Levels, Interpret on | Collate data that | Generate an To a useful
with error pattern a scale: 1-5, | will give a initia] level or
and match, delta, | say —with logical collated range, e.g.
uncertainty | rate timescale subcomponent score %

Figure 5-16: Identifying the AHI Steps

The steps need to be defined and laid out.

For example, a simple weighted system for four parameters, weighted such that one is twice as
important as the other three and normalized to a percent, may result in something like Table 5-11:

Table 5-11: Simple Scoring System

Analyses | Weighting | Cc
A Level 4
B Rate of change | 1 40% 1.80 36% 8%
C Level 2 20% 4%
D Delta 1 20% 4%
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The following information must be known:

- Accutacy of the nutial measurements

- Accuracy of the analysis to give a code

- Meaning of the code either in a timescale or a PoF

- Weghting values—as shown

- Means for collation—in this case a cross product of the codes and weights

- Normalization process—in this case it is division by the maximum possible score

How to work back from a score of 36% to an AHI? One approach is to note that the minimum
score possible, with all codes set to 1, is a score of 20%. What has caused the change from the
muumum of 20% to 36%>

The contribution of a step change in each parameter is given as the Delta. A change of parameter C
from a 2 to a 3 would increase the Normalized score by 4%. Via some math analysis, identify which
parameters changed and by how much. Then, if the parameter codes are linked to a PoF, collate
those PoFs to an AHI PoF.

The key 1s to know what timescales for action and what PoFs were applied to each code.

Assuming that the normalized PoF is a representation of general deterioration could be misleading,
If a higher normalized percentage scote has a lower set of codes, it should have a lower probability
of failure, despite the higher normalized score. This is the result of non-linear weighting systems.

A MAX system could retain the coding nformation on timescale and PoF.
A Logarithmic system could retain the coding information on timescale and PoF.

Therefore, 1t may not be possible to relate an AHI to a PoF in anything other than broad general
terms. It depends on how the AHI was designed and constructed.

5.8.2 A Distrbutional Approach

In a distububonal approach, the assets are ranked as a population, or compared to another,
representative group where failure statistics are known; those statistics are then used as a guide to
PoF.

If the scores ate normalized as a percent, what proportion of the assets should have a final score
above 60%r

To apply the distributional approach, the AHI needs to have a meaning: what is the probability of
tarlure for an asset with a normalized score above 80%r Above 70%¢? To derive these PoFs, the user
could examine the scores from a year ago and relate the number of assets in each range at that time
to the number of assets that failed. This at least gives some justification, based on history, to PoFs
applied.

For example, if there is a histoncal failure rate of 1% per vear for an asset class and 5% of assets
have a normalized AHI above 80%, a# feast 1% of those would be expected to fail. Since these are
the poorest performers, it 1s suggested that they should have a failure rate much higher than 1%.
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Can this group be given a numberr What proportion of those assets above 80% failed last year? In
the previous yearr What is the historical guider

These are good points to discuss, but may be difficult to answer with any accuracy or precision.

The next section goes mto the development of an AHIT that can lead to 2 PoF with some confidence.
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6.0 SUGGESTIONS ON DEVELOPING AN ASSET HEALTH INDEX

This section details some methods for developing an AHI that preserve the timescale and nygency
mformation that can indicate a PoF.

6.1 Introduction

Fust question:

What problem is the AHI trying to address?

Second question:

Does the design of the AHI include time? In other words, does it incinde a sensitivity to action?

Data can be taken from multiple sources, manipulated, and used to produce a number; however, if
calibrated timescales for action are not included at the stact, they cannot be used. The timescales can
be based on esperience, or relate to known failure rates or industry espectations—but there still
needs to be a time element.

Note that measurements have an accuracy. When they are coded, they may lose that accuracy.

Start small, keep track, and grow, An AHI is a model: an estimate of the asset’s health or condition.
It is a figure of merit that allows the relative health of assets within a group to be ranked, with the
ranks defined by the model. An old rule of model development is that it is easier to build on a small
model that works than to try to fix a large model that does not work. Consider that the business
purpose of creating an AHI requires that it is easy to model and scale; this requires the model be
constrained in complesity or risk not being usable, except by a very small group of consultants or
aficionados.

6.2 Single Parameter: Good and Bad

This section will examine some aspects of an AHI system based on a single parameter: the
measurement of hydrogen in transformer oil.

Two condition categories for transformers based on the parameter level are defined: Good and Bad.
With each condition code there is a well-defined, if possibly unrealistic, action and timescale for
action. The analytic is based on a preset level. Exceed the level and the transformer has gone from
Good to Bad, and is illustrated in Table 6-1,

In reality, there should be a lot more information before deciding to replace a transformer.

Table 6-1: Two-Category System Good and Bad

3':1dee Hydrogerf T;rnesca!eﬁ -
;_Good <100  iyear . Mwlgesample B
Bad | >=100 . lmonth  Replace transformer
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What is the PoF for each categoryr What is the assumed PoFr Maybe in a year 0.5% of Good assets
tail. If there are Bad transformers that need to be addressed within a month, is the PoF within the
month also 0.5%r If the risk is higher, we would be putting extra visk on the organization.

In this case, it is assamed that the PoF in the timescale categories are consistent, a mule of thumb
which is understandable and somewhat based on experience and knowledge.

Note that PoFs do not scale simply. With one dice, the chance of throwing a six is 1/6. With six
dice, the chance of throwing at least one 6 is not (6 * 1/6) = 1 = certainty, but (1-(1-1/6) ~6) or
about 67.5%

Add some PoFs for the period under consideration, and calculate the annual equivalent, as shown in
Table 6-2.

Table 6-2: Two-Category System: Adding PoF

- Code  Hydrogen Timescale Action @ PoF Annual
e = . Equivalent
Good <100 . 1year Resample 0.5% 0.5%

‘Bad | >=100 | imonth , Replace [05% _  58% |

Note that the annual equivalent of a monthly 0.5% PoF is not 6%, but just below. It is possible to
work back from a stated annual equivalent to the PoF in the period under consideration. If the value
for anmual equivalence is decided to be 3%, the annual PoF cannot be calculated as the data is not
available — then the monthly PoF would be calculated as not 3/12 % (or 0.25% by direct division),
but about 0.254% by appropriate math. 0.25% and 0.254% may seem approximately close, but these
are for small numbers. Note the vaciation in the reverse calculation where 100% certainty reduced to
~67% when appropriate math was used.

The model can be extended by adding a Rate of Change analytic. Deriving a second parameter (and
associated analytic) rwfe of change from the first parameter requires having the period for the change.
How are the analytics calibratedr Calibration is the means by which there is a common base to
compare different analytics. Each category needs to have the same implication for action for the
same category value. All Good values should have a common timescale for action. What makes the
hydrogen level <100 and the hydrogen rate of change <50% equivalent values in the tables There is
uncertainty, but without the calibration on timescales for action, there is no chance of consistent
response. Someone has to set the levels for which the hydrogen level goes from Good to Bad, and at
which the hydrogen rate of change goes from Good to Bad, allowing for consistency in approach
and migency. Table 6-3 uses some values for illustration.

Table 6-3: Two-Category System: Two Parameters

Code . Hydrogen H2 Rate Timescale | Action PoF . Annual
Good <100 <50% 1year Resample 0.5% 0.5%
Bad . >=100 . >=50% ' imonth Replace 0.5% | 5.8%
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How should the two analytics be combined? Each can be Good or Bad, and it is possible that
neither analytic is triggered, or that both are, or just one. How is a final condition code for the
transtormer determined? If this problem cannot be addressed with this small amount of data and
two analytics, what chance is there of addressing it with a large data array? What happens when the
analytics become more complex or fuzzy? If one analytic 1s designed to identify that an asset is in
poor condition, then the presence of other analytics should not be allowed to dilute that and
somehow ameliorate the situation. If there is only one analytic, the outcome would be simple: Good
or Bad. If there are cases where the output of an analytic needs to be reviewed because of other
analytics, then the analytic should be redesigned or the initial analytic replaced using combinatorial
analytics. The analytic scoring systems do not need to be correct; they are needed to pragmatically
achieve the business goals.

Take, for example, the worst case as the actual condition. The table conld extend to 4 overall states,
as per Table 6-4. If the only value that is known is hydrogen, a decision is clear. If there is a Bad
hydrogen result, and a Good H2 rate is added, the health been improved or the original analytic
contirmedr The results in Table 6-4 are based on the possible outcomes of the two analytics.

Table 6-4: Two-Category System: Four States

Analytic | Hydrogen H2Rate | Overall
Casel Good |  Good . Good

Case2 | Good ~ Bad | Poor
Case3 | Bad . Good | Very Poor
o R L et

This table shows the dilution effect and a result of weighting systems {(in this case a uniform linear
weighting). Now there are two categories that wete not covered by the original data: Poor and Very
Poor. Adding in more factors could result in dozens, if not hundreds, of new categories, while
initially the only desired categories were Good and Bad. Not only has the final analysis been
smoothed out, but even more outcomes and perhaps timescales for action have been created.

Care must be taken here. There is an advantage to having labels such as Good and Bad. There is no
ability to add and average scores, which Is easy to do with numeric labels. How this situation is dealt
with is crucial to the creation of scalable models that deal with large amounts of data, or more
granularity to the coding analysis.

Now add a third level of coding; the “Ugly,” which has an action timescale of 1 day. Consistency
and equivalency will be maintained by assigning a PoF for that day of 0.5%, as shown in Table 6-5.

Table 6-5: Three Category System: Estimated PoF
‘Code  Hydrogen ' H2Rate  Timescale | Acion  PoFin  Annual -
f | | . Timescale ; Equiv.

(Good <100 [<50%  lyear  Resample 0.5%  05%
' Bad >=100 & ' >=50%&  1month | Test/Fix 0.5%
| <1000 <100% |

\Ugly  >=1000
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Note how the annual equivalent PoF has gotten very large, undeslining the urgency. It is also worth
noting that there is choice in the PoF in the timescale for each code. There is no requirement for the
PoF in each code to be consistent and equivalent. There is a requirement for the PoF to be
monotonic: the annual equivalent PoF must wise as the period for action shortens, or it will be
impossible to link the two m a meaningful way.

The advantage of a consistent PoF for the timescales is that it is intuitive to be able to compare the
timescales on a PoF basis and that the urgency is not mixed into multiple timescales.

Note: Should assets be expected to deteriorate by stage, as with a Markov Chain approachr Such an
approach may apply to condition-based failures, but not to random failures. Will everything go from
Good to Bad to Uglys The short answer is no, which makes a e Markov model difficult to apply.
Work on such models is undertaken separately.

6.3 Labels: Log/Lin

The table below uses a linear label for condition coding. It is possible to generate an overall
condition by summing, averaging, or weighting the individual scores. As noted in Section 3.0, this
would lead to a loss of meaning in the resulting number with respect to urgency. Table 6-6 gives
three category codes and limits.

Table 6-6: Three-Category System: Linear Codes

. Code ' Hydrogen = H2Rate | Timescale | Action = PoFin | Annual
‘ ‘ . . " Timescale |

1 <100 . <50% _ lyear Resample  0.5%

2 | >=100& | >=50%&  1month | Test/Fix | 05% |
<1000 | <100%

'3 | >=1000 .~ >100% | 1lday = Replace |

For example, summing the two codes for a transformer will result in a number between 2 and 6.

If a transformer scores 2 for hydrogen and 2 for hydrogen rate, does it have the same urgency as
one that is 3 for hydrogen and 1 for hydrogen rater They have the same summed score: 4.

A linear-average of the scores results in two scores of 2. The problem is that the story of the
transformer’s condition is markedly different in these cases. A log-based scale, as per Section 3.0,
allows more urgent scores to stand out.

Therefore, the table can be extended to a set of log scale scores berween 1 and 100, with a base 3
approach, as shown i Table 6-7.
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Table 6-7: Five- C'ltegory System Log Codes

Code Hydrogen H2 Rate Tlmescale Action . PoFin i Annual PoF
I I . _Timescale | Equivalent
1 <50  <50% i' 1 year Resample ~ 0.5% = 0.5%
'3 | >=508& <150 >=50%& . 6 months | Rewew/Assess 0.5% 0.998%
10 = >=150&  >=100%&  1month  Offline Test - 0.5% 5.73%
o..0<500 o <150%
30 >=500& | >=150%&  lweek = Maintain = 0.5% = 23%
100 >=1000  >=200%  lday  ?Replace  05%  ~84%

The increased number of categories allows for more granularity in analysis. The consistent PoF per
timescale is useful in understanding what the timescale means and the urgency of action. Note that
the scale of the analytic analysis does not need to follow either a linear or a logarithmic scale per the
selected scale: that would be an artificial scaling. What is important is that the timescale chosen
correlates to the analytic limits, not the other way around, and is monotonic.

There is no formal link from actual transformer condition to PoF: the process involves heuristics,
expenience, standards, and guidelines. In addition, a means to collate the two analytics for a single
parameter into an overall AHI should be developed.

For a set of transformers, how are individual scores collated in order to give a meaningful AHI and a
meamngful PoFr The extra dara from the second parameter may provide confirmation of the
suspect condition. Should two Bad scortes be worse than one Bad scorer This would seem intuitive,
but may not be true—the scores may just be different ways of looking at a single problem,; there is
an mncreased precision (or confidence) in the score.

For example, Table 6-8 looks at 5 transformers ranked with a max score and enumeration condition
code. The enumetration score is a count of how many 100s there are, then how many 30s there are,
etc., and 1s a means to prioritize. The score is essentially an Asset Health Index (AHI), and it has
meaning as the number of components that make the score and the associated PoF are evident,

Table 6-8: Five-Transformer Evaluation

Trf© Units  Unitsw/H2 = Max  Timescale Enum  PoFin  Annual PoF |
‘#  w/Hydrogen Rate . Score Score : Time- = Equivalent

A 1 .1 1 lyer 00002 05%  05%
B 3. .30 30  lweek 010105 05% = 23%
c 3 : 10 10 . 1month 00110 . 0.5% 573%
Db w0 ' 3 100 | lday 10010 05%  84%
E . 100 100 . 100 = iday 20000 05%  84%

Is a transformer with two scores of 100 more likely to fail than one with a score of 100 and a score
of 10¢ The data may allow for a more confident analysis and may improve the precision of the
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estimate. What if the data for the hydrogen rate is missing? Is the probability of failure less? Does
adding the Bad result make failure more likely?

s

The basis of the log 3 scale is heuristic. Three of a lower level score (e.g, 3 scores of 10) are
approximately equivalent to one score at the next level up.

The number of entries in the table above could extend to include hundreds of data points, each with
their own analytic or analytics. Then, a maximum score and an enumeration for ranking could be
generated. The enumeration will become unwieldy, as there would be too many entries to manage
sensibly.

Using components and failure modes means the hundreds of data points can be divided into far
more manageable chunks. A transformer AHI that is based on a small number of components
would work well with 2 combined MAX and Enumeration approach. Grouping by failure modes
also infuses the process of developing analytics, and subsequent AHI, with scalability. It also makes
the AHI generation process more manageable and easier to explain to the wide range of subject
matter experts that will be needed to cover a large breadth of data. Whatever method is used, it is
important to retain the urgency and the inherent ranking of the root data.

6.4 Analysis of Components and Failure Modes

A way of dealing with multiple data sources s to address components individually. With
transformers, those components could be bushings, the cooling system, a tap changer, etc. Some
components can be addressed through maintenance wlule others may need programs for
refurbishment or replacement. As it is possible to get very granular in this analysis, it must be
approached with the user perspective in mind. Components should be chosen to provide visibility to
problems without trying to dissect the failure mode of a radiator bolt.

See Section 5.7 for an analysis of components and failure modes.

Think about the question that is being addressed: What does the AHI number meany If it is to
identify maintenance activity as an intervention, the timescale will likely be much shorter than a
long-term replacement program. As with the car analogy, the entire car does not need replacement
when tire pressures start to reach low levels: the tires simply need to be maintained.

Analysis of components follows the same process as analysis of the whole asset: data, timescales,

and PoF. The scores for assets can be used as the raw data for the overall asset. Table 6-9 indicates
some of the possible subcomponents of a large power transformer asset.
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Table 6-9: Transformer Components

' Power Transformer

Tank

COil

' components o
ool mg/ Radiators  Likely maintainable B

_Tap Changer ~ | Likely maintainable '

: Deluge System ~ Maintainable )
_Mainwindings  Likely not maintainable ) o
- Solid Insulation Likely not maintainable — depends on Iocatlon

Cableboxes ~ Maintainable

' Bushings ~ Replaceable, likely not maintainable )
- Etc... | Oil containment, controls, and other dewces

Each component score feeds into an overall assessment of the transformer; this is 2 common
approach. It adds a level of complexity in determining components, but can add clarity, allowing for
discrimination between actions such as maintenance and replacement at the component level. This
approach more closely mimics the day-to-day way the different parts of the transformer are referred,
and 1s ultimately more manageable.

To maintain calibration within the overall AHI system, timescales in the component analyses ust
be consistent across different components, or else a score of 3 may mean different things for
different components, which means they cannot be combined sensibly.

The application of calibration results in a means to collate data through analytics to assess
components, then a means to collate component data into an overall AHI By building time info the
approach, the PoF can be mdicated both at the component and at the asset level.

6.5 Failure Modes

If using a log scale, look for maximum scores and build in time for action based on acceptable base
failure rates to indicate a PoF for the overall asset in a justifiable manner: a chain of reasoning
should go from measurements through analytics to a PoF. The problem is that the approach is
heuuistic, and there is little corroborative information that a hydrogen level of 125, say, is really well
correlated with PoF.

This can be addressed, to a degree, by using failure mode analysis.

Failure modes, which are generally well undeistood through RCM and similar analyses, can be linked
to components and to the asset leading to the creation of an audit trail of soxts.

Figure 6-1 shows the basic theory and the subsequent implementation.
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As an example, consider bronchitis as a fajlure mode for humans. The example shows how

Implementation

Measurement(s)

In summary for the model:

An asset has 1 or more
components

A component has one or more
failure modes

Each failure mode has one or
nore symptoms
Measurements can be made to
confirm the presence of a
symptom

In a practical implementation:

We make measurements and
collect data

We analyze data to infex
symptoms

We analyze symptoms to infer
the failure mode

Figure 6-1: Failure Mode Model

complicated things can become if one does not keep track of the details:

In summary:

- The human has many components, of which one is the respiratory system.
- The respiratory system has many failure modes, some of which are maintainable. Bronchitis is

one such fajhire mode.

- There are many symptoms of bronchitis, one of which is the presence of a fever.
- Fever has many indicating measurements, one of which is oral temperature.

In practice, several measurements related to temperature may be interpreted, as illustrated in Figure

6-2.
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Figure 6-2: Failure Mode Model: Implementation

The figure shows the use of three data points and three analytics that can be used to infer the
presence of a fever. For each data point, one or more analytics are associated—some analytics may
use data for level comparison, or for ratio analyses or for more complex treatment.

When applied to an apparatus, the approach brings a richness to the measurement analyses and the
subsequent AHI. The approach does not move from data through intuition to a PoF: it moves from
symptoms (based on data) to failure modes to identifying issues with components. The components
are then brought together m an overall AHI. That AHI may be used to address a reduced number of
components—e.g., having a replacement mdex for the transformer, but a maintenance index for
bushings and rap changers.

Figure 6-3 below indicates the basic approach:

- There are n data souices, for mdividual gases, furfurals, and moisture.
O Each data source may contribute to several analvtics.
- There are m analytics, ratios, rates of change, levels, etc.
¢ Each analytic may contribute to several failure modes.
- There are p failure modes: PD, overheating, ageing paper, etc.
0  Each failure mode may contribute to several components.
- There are q components which contribnte to the overall AHI
0 Each component contributes to the AHIL

There is discussion in the industry about which components should be considered part of a power

transformer when building an AHI, and which should be considered separate. National Grid UK,
for example, treats the tap changer and bushings as separate, maintainable items that are dealt with

109


jjoly
Text Box


Translaring the Health Index: into Probabilify of Failure

in their own component strategies. The same approach could be applied to surge artesters and other
apparatus.

Analytic 1

Component 1

Analytde 2

Failure modes are generally better understood, as they are real effects—in terms of what they are
and the timescales for asset deterioration—as opposed to the basic symptoms of individnal data
points. Instead of saying “carbon monoxide is lugh, which is bad,” say that “carbon monoxide is
high and is a symptom of ageing which 1s the dominant failure mode for this asset and we expect it
to deteriorate to a point requiring replacement over the next x years.” One would never say that the
transformer is failing due to a high carbon monoside failure mode.

Analysis of transformer condition via components and failure modes follows.
6.6  Multiple Parameter Analyses and Identification of Failure Modes

The DGA analyses will be used as a means to discuss multiple parameter and analytic analyses,
supporting farlure mode identification, subsequent component assessments, and ultimately an AHI

Transformer oil is analyzed to detect the presence and levels of several key gases, including
hydrogen, acetylene, and others; there are standards to guide the interpretation of the gases and their
mmplications [16].

The key gases can be used to determine the presence and severity of several failure modes, including
partial discharge, arcing, overheating, and others. The diagnostics relate to tansformer conditions
rather than the diagnosis of the oil itself—the oil can be considered a component of the transformer
in 1ts own right, with its own failure modes and symptoms, and is considered a maintainable item.

The standards and gudes available suggest analysis of dissolved gases by:

- Individual levels

- Rates of change

- Ratios and combinations of ratios {e.g., Rogers, as noted in [16])

- Rauos and combinations of ratios when all gases are above certain levels {Duval {16])
- % of combustibles (IEC Key Gas [16])

- Henuistic combined ratios—often ad hor and purpose built systems

- Other approaches, inchiding many R&D analyses
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- Pattern Analysis (OLTCs)

Over several decades, there have been many analyses of available data which have shown that
standards and guides can be misleading, and worse, inconsistent. Datamining approaches, which use
neuro-fuzzy techniques and neural networks to track condition and deterioration of the power
transformer over time [57), have been applied [56]. Standards and guides usually result in an
indication of a particular problem: partial discharge, overheated paper, hot metals, etc.

The raw data for each dissolved gas are collated and the analytics are applied to:

~  Identify level and rate of change codes, similar to Hydrogen in the earlier sections of this
chapter; and

- Identify diagnostics from the application of industry standards and guidelines, such as
Duval Triangles or IEC analyses, to indicate possible failure modes in operation.

So, the discussion of hydrogen would now be expanded:

- There can still be a level analytic which is coded 1 through 5 for each dissolved gas.

- There is still a rate of change analytic for each dissolved gas.

- Standard diagnostic analytics would be used, including Duval, IEC, Rogers, etc.

- Each diagnostic analytic would also have a 1-5 output for the diagnosed failure mode,
with timescales calibrated to match the level and rate of change analytics.

With DGA, there is an array of analytics to detect anomalies and to diagnose particular fault
conditions. Thus, prevalent failure modes can potentially be identified.

TNllustrations of failure mode identification can be developed by considering DGA results. Consider 7
gases and some diagnostic analytics, as shown in Figure 6-4.
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Figure 6-4: Some Transformer Elements: Data — Analytics — Failure Modes

Data — Analytics — Failure Modes

The figure shows the various data values on the left side, each of which feeds into the various
analytics in the center; the list of analytics here is not exhaustive. The output of each analytic is a 1-5
value with a timescale calibrated to be consistent between the analytics. The actual diagnostics from
Duval, Doznenberg, etc. do not usnally mclude a timescale, but may have a severity indication. To
generate the analytic timescale for each diagnosis requires the use of experience, industry heuristics,
or some form of technical expertise.

The output of each analytic then inputs to the failure mode ideatification. The failure mode analysis
is an analytic in its own rght, taking in relevant information from all the available analytics.
Individual analytics have a relevance to each falure mode analysis. This weighting is really based on
experience: high hydrogen levels may be a significant and highly relevant indicator of PD, but a less
relevant mdicator of paper overheating. The relevance is used to confirm and support a diagnosis via
the fallure mode analytic. High acetylene is not usually a consideration for paper overheating; it has
low relevance in that diagnostic.

The various failure modes can now be analyzed and collated, and thus the components that are in
poor condition can be identified. Paper overheating is of low relevance to oil condition, being a
more relevant mdicator of solid insnlation issues, while metal overheating is of low relevance to
paper overheating. Failure modes relate to components based on a simple RCM analysis, one that
does not require many levels of analysis but one that identifies the basic failure modes for each
component. What does the component have which can failr

With the failure modes in place, the AHI for each component can be identified by collating the
fallure mode outputs.
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Scoring Process
To keep a consistent approach across each level:

- The output of each analytic is a time calibrated coding (1-5, 1-100, log, lin, alpha).
- The output of each failure mode analysis is a time calibrated coding.

The output of each component analysis is a time calibrated coding.

The final AHI is a time calibrated coding of each component score.

)

The consistent coding throughout makes the system easier to understand: wherever a 3 appears, the
meaning is understood. Figure 6-5 summarizes this approach. As there is consistent scoring with
consistent timescales related to consistent PoF, the PoF can be tracked at each level—lhowever it
may have been initially evaliated—and the PoF for the AHI can be inferred.
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Figure 6-5: Some Transformer Elements: Extending to Components and AHI

6.7 The System in Action
There are elements to the process of generating an AHI with a meaningful PoF. Section 6.0 has

covered some of the salient points and highlighted some of the causes for concern where
uncertainty, inaccuracy, and imprecision are built in.
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Steps:

1. Identify the assets of interest,

2. For each asset class identify the components (or asset subsystems, or whatever they are
called in your systemy.
3. For each component identify high-level failure modes (a simple RCM analysis will suffice).

4. For available data, identity analytics (simple, standard, ad hec) which indicate a failure mode
11 operatiof:.

5. Score each analytic with a consistent and calibrated timescale of vour choice, with each
code/category labelled and assigned a PoF.

6. For each analytic, identify the relevance to each failure mode.

7. Collate analytics for each faillure mode to score the failure mode action and timescale.

8. Collate failure modes for each component and score the component.

9. Collate failure modes for each component and score the asset.

Note that the collation of data must preserve the urgency of the analysis. The urgency of the analysis
must be based on justifiable experence, statistics, and standards, within a sk management
framework.

User Scaling of PoF and Codes

The system outlined here requires some idea of the base failure rate. For a large population, this may
be a well-maintained statistic within the organization. For small populations, the variability mayv be
significant and may require an estimate.

There may be a need to analyze the codes or categories and reassign an individnal PoF for each
category to override the tme-based calcnlation. Figure 6-6 shows such an approach.

Figure 6-6: User Scaling of PoF

The hustosic annnal failure rate 1s set and is editable—tlus is the target for the Mture.

Sliders allow the individual PoF for each code to be set: the resulting estimate is based on solving for
a base case PoF and employing multipliers for all the other cases and numbers in each category. In
Table 6-10, the sum of expected failures for the population total can be set to match historic failure
rates. Thus X, the base case failure rate, can be calculated.
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Table 6-10: Log Category PoF Back Calculation

Category PoF Number in Expected
Category Failures
1 X N1 X* N1
3 3X N3 3X * N3
10 10X N10 10X * N10
30 30X N30 30X * N30
100 100X N100 100X * N10O

It should always be possible for an AHI system to have direct user input to overrile estimated or
calculated PoF values; however, it may become difficult to justify and relate all the mannally entered
values.

Addressing Risk Management

The system as described is not, at this point, a risk management system. There is a known PoF for
the base case—e.g,, the assets in code 1. That information can be used to address the PoF for assets
in other categories and thus identify the number of assets that are likely to fail over and above the
base case. If there was a consequence of falure—in monetary terms—the excess risk over and
above the base case could then be calculated,
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7.0 CONCLUSIONS AND RECOMMENDATIONS

There are many different ways to generate an AHL Section 1.0 focused on motivations, constraints,
and the use of AHIs, noting that there are multiple possible definitions for terms such as faikure ox
health. In addition, the vartability of data was noted, as well as the paucity of good links between
measurable parameters and actual failures.

Section 2.0 provided a literature review, illustrating that there are many ways to develop an AHI and
that these ways are not all similar or equally appropriate. The relationship between the input
parameters and the output AHI can be tenuous, with many systems relving on an overall avergge
condition approach, which used weights to combine individual parameter or component scores. Such
approaches do not retain the timescales or wigency needed for action or for the possible derivation
of a PoF, and can be very misleading if not downright erroneous. Assets do not genesally fail
through overall condition but through particular failire modes.

Section 3.0 reviewed the use of weighting systems in the development of an AHI and noted the
drawbacks, including the difficulty of producing an AHI that is monotonic and that retains any sense
of urgency based on the raw data analyses.

Section 4.0 reviewed practical systems that show the breadth of approaches which can be employed
to address an AHI development. Many AHI systems do not have a clear statement of intent, and
several AHI systems use complex math to seemingly hide the analysis under the guise of
mathematical respectability. In some cases, there is a sleight of hand moving from an AHI directly to
a PoF. The role of AHIs in justifying expense is common, so one may wonder at the ability of the
regulator to dissect and critique some systems. Most AHI values reviewed in this report do not
reflect the failure modes in operation o the likely interventions required. Furthermore, the urgency
to address some failure modes is often hidden, possibly leading to an incorrect perception of the
likelihood of failure.

Section 5.0 notes the difficulties of relating parameters to AHIs and finally to PoFs. The field is
fraught with complesity and there are many opportunities to confuse and confound procedures;
however, knowing the sources of variability allows for the development of an approach that may
have some practical justification.

Section 6.0 goes through one possible approach to developing an AHI that can be used to create a
justifiable and auditable PoF. The approach is somewhat heuristic, but is built on logic and can be
tuned to reflect actual failure rates.

Overall, a good AHI will have an indication of the timescale for action and an audit trail that allows
for jusufication of the actions to be taken. Ideally, an AHI will be built around failure mode analysis
to provide a basis for action with calibrated timescales.

Many AHI systems use component scoting systems, which are often weighted, to produce an overall
AHL The use of log scales in such an approach helps preserve the timescales for action.

The use of age as an indicator of condition becomes a self-justifying approach, as shown by the fact

that such systems usually improve the population’s overall condition even if replacements are made
at random.

117


jjoly
Text Box


Translating the Health Index into Probability of Failure

What s needed is an AHI that reflects the failure modes likely to be present and relates those to
timescales. This can be achieved through an analysis of known or expected failure rates. As asset
populations may be small, the statistics of failures may be both imprecise and inaccurate; however,
they are, at least, based in fact and can lead to a realistic ranking. Industry statstics, such as those
available from CIGRE reports, are both useful and justifiable. It is also useful to disaggregate
condition-based failures and random failures, ox at least find a proportion of the overall failure rate
that 1s expected to be condition-based. Given the weighted nature of many AHIs in use at present, it
is suggested that few, if any, provide a basis for translation to a PoF.

The suggested approach, based on equivalent PoF for calibrated timescales, gives a rationale for a
defensible analysis; in fact, the system can be tuned to reflect the needs of local conditions and
experience. The meaning of the PoF for components and parameters, relating to timescales, is
relatively easy to nnderstand, and the preservation of timescales, to preserve urgency, allows for the
derivation of a meamngful PoF.

Designing an AHI around timescales for action, and then building in the ability to estimate a PoF
for each AHI category/code/value, is key to deriving a PoF from the AHI.

7.1 Working Forward to an Asset PoF

Working forward directly from raw data to derive an APF or Asset PoF is extremely difficult, if not
impossible. The data required to determine the relationships is unavailable, the relationships are
therefore uncertain, and the resultant outcomes are therefore imprecise. This may result in a ranking
that monotonically reflects asset condition. Categorizing the population into a small number of
condition bands, rather than having continuous AHTs which lead to more uncertainty in any derived
PoF, may be a more informative way to describe the data.

7.2 Working Backward from an Asset PoF

In practice, failure rates for asset classes have been expected. If the population is assumed to look
sunilar this year to what it did last year, roughly the same overall failure rates can be expected. The
idenufication of the poorest performing units being associated with the worst asset health
category/code is justified. The calibration of timescales can be preserved through equivalency of
PoF for each category.

If an AHI system is built using the known or expected timescales for action, and the system is log-
based, the estimated PoF can be preserved through the vardous steps to the final AHI. This is
important in a business environment where the results are likely to influence long-term investment
plans and where the analysis needs to be credible rather than act as a placebo.

It is not just the art of the practical that is needed, but also the art of the justifiable, anditable, and
useful.

7.3 Opportunities for Improvement

A number of organizations may benefit from AHIs. However, expectations should be tempered by
the availability of good failure data and by the need to work in an asset management and regulatory
set of frameworks.
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Given the wealth of knowledge on asset condition assessment that is available, an AHT should not
contain any surprises. The authors thus recommend that any attempt at developing an AHI starts
from what is well known and well understood, and that such an attempt grows from a simple start
of a few parameters. Success can then be built in from the start.
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APPENDIX A. Definitions of Failure

The nformation contained in this appendix is extracted entirely from CIGRE Technical Brochure
642, “Transformer Reliability Survey”. It provides a reference to failure definitions from surveys,
international standards, and guidelines from Annex A of the document, as well as a discussion about
the most relevant failure definitions from CIGRE Technical Brochure 642, Section 3.3.1 titled
“Failure.”

The majority of the suuveyed studies did not provide consistent failure definitions. In order to have a
true comparison between the failure data, it would be required that the failure definitions be similar.
This ensures that comparisons are based on failures (events) occurring under the same conditions.

The definttions of failure and associated terms and how these definitions are applied depends on the
environment in which they were developed and are being used. The systems operator’s focus would
be on the impact on the system, ranking failure in terms of system reliability, whereas the plant
specialist would rank it in terms of the remedial action required to restore equipment functionality,
A cleas example 1s that of transformers being removed in scheduled outages. The system operator
would not consider this a failure, since it would not have an effect on the system reliability, whereas
the plant specialist would consider it a failure. Another example is that of insurance companies that
could be using insurance claims as a benchmark, where the definition of failure and its severity could
be dictated by the value of the claim.

The defuutions m IEC and IEEE are described as very broad, whereas Bossi’s definition is more
restrictive in that it considers only problems that require the unit to be removed from service for
repair. Further examples of restrictive definitions include those of Kogan and Higgins., Despite the
difference between a broader or restrictive defmition, both types allow further breakdown of failures
mto levels of failure severity, or outage type and times.

ANNEX B: Definitions from Surveys and International Standards and Guidelines

SOURCE TYPE DEFINITION

[IEC, 1990] Failure The termination of the ability of an item to perform a required
function.

[Bossi, Failure Lack of performance by a transformer of its required functions so

1983] that the unit must be taken out of service to be repaired.

[IEEE, Failure The termination of the ability of a transformer to perform its specific

1986] function.

[Cigré WG Failure Any situation that requires the equipment to be removed from

A2.18, service for investigation.

2003]

[Kogan, Failure Any forced outage of a transformer due to its failure in service.

1988] Trouble which requires transformer to be returned to a factory for

repair, or which requires extensive field repair. Transportation
damage and minor troubles which may require an equipment outage
are not considered as failures.

[Higgins, Minor Failure  Can be repaired quickly in situ. The resulting outage typically would

2001] be less than one month.
[Higgins, Maijor Failure  Must be repaired (if this is possible) off-site, usvally af
2001] manufacturer’s works. The resulting outage typically would be

measured in months. Failures in which the transformer is destroyed or
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[Bossi,
1983]

[Bossi,
1983]

[IEEE,
1986]

Failure with
scheduled
oufage
Failure with
forced
outage
Failure with
forced
outage

must be retired are alse major failures.

Failure for which the transformer can deliberately be taken out of
service at o selected time.

Failure for which the transformer must be taken out of service
immediately (within 30 minutes).

Failure of a transformer that requires its immediate removal from

service. This is accomplished automatically or as soon as switching
operations can be performed.

126


jjoly
Text Box


Translating the Health Index into Probability of Failure

APPENDIX B. Reference Material

from CIGRE Technical Brochure 227: “Life Management Techniques for Power Transformers”

This Appendix provides useful reference material from CIGRE Technical Brochure 227 (TB 227).

Failure Identification

The brochure contams recommendations on failure identification as shown below:

“Failure occurs when withstand strength of the transformer in terms of some paramefer (dielectric strength, mechanical
strength) is exceeded,”

‘The situation i1s summarized i a figure.

SAFETY
MARGIN

CRITICAL
LEVEL

REMEDIAL
REPAIR
FAULTY

HORMAL DEEECTIVE E FAILED

Figure B-1: Asset Deterioration (from CIGRE TB 227)

Failure Taxonomy

TB 227 considers that defects are reversible but faults are not reversible. A taxonomy is included in
the brochure, as shown:

Table B-1: Failure Taxonomy {(from CIGRE TB 227)

Code

Description

Normal

No obvious problems, no remedial action justified. No evidence of
degradation.

Aged? Normal in
service?

Acceptable, but does not imply defect-free.

Defective No significant impact on short-term reliability, but asset life may be
adversely affected in long term unless remedial action is carried out.

Fauity Can remain in service, but short-term reliability likely to be reduced. May
or may not be possible to improve condition by remedial action.

Failed Cannot remain in service. Remedial action required before equipment can

be returned to service (may not be cost effective, necessitating
replacement).
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TB 227 notes that after a failure, the failed item has a fault. Failure is an event, and a fault is the
resultant state. TB 227 recommends referring to the state as a failed condition.

Defects are considered as non-conformance, whereas a fault is considered as deterioration beyond
normal agemg/wear.

TB 227 also notes the IEC 60050 definition of faiture: “Yermination of the ability of an item to perform a
required function.”

Conditionn Monitoring Strategy

TB 227 indicates that in its most general form, condition monitoring can be shown in the form of
rwo loops, as lustrated by the diagram below:

Lo Conditi_on Monitbring"sltrateéy'

*" Monitorf datect " Dlagnose fault .
fault .7 Assesscondition .

Broadband, sensitive . Focused, quantitative
-+ techakgues . techniques

| Appllod rbﬁtlnaty ) Applied as required

Figure B-2: Condition Monitoring Strategy (from CIGRE TB 227)
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APPENDIX C. Extracts from TATA Power System

This appendix gives some details from the TATA power weighted AHI system.

Table C-1: TATA Weights for Condition Assessment

Fault gases Wts, Age {Years} | Wts. O Acidity Wits,
Hydrogen [ H2) 2 0to 10 4 <0.2 0
Methane { CH4 }, Ethane (C2H6) 4 10to 20 i3 0.2to0.3 5
Methane { CH4}, Ethane (C2H6 ), Ethylene [ C2H4 } [ 20to 30 12 »>03 10
All above gases 38 30to 40 16
All above gases plus Acetylene {C2H2 ) 10 > 40 20 Furan content (PPM) Wts.
<2 0
Electrical tests - IR / Pl / Winding Tan Belta Wis, 2to3 3
No Viclation w.r.tiimits 0 3to4 12
Any one parameter Violation w.r.t limits 6 4105 16
Any two parameters Violation w.r.t limits 8 >5 20
Violation w,r.t limits 10
Molsture content and Wis.
Oil Resistivity & Tan Delta Wis. BDV
No Violation w.r.t Limits 0 Moisture 10
Violation w.r.t Limits 10 Moisture and BDV 20

Table C-2: Scoring Weights for Transformer Components

Sr. " . Overall factor
No. Transformer condition monitoring factor weightage (W) Factor scaore (Sf)
C1 | Dissolved Gas Analysis Factor (DGAF) 10
C2 | Oil Quaiity Factor (QQF) 8 Factor rating derived from
C3 | Furfural content Factor (FF) 6 individual score &

- weightages of parameters /
C4 | Electrical Tests Factor (ETF) 10 inspection check points as
C5 { Transformer Service Factor (TSF) 8 per Appendix-2
C6 | Inspection & Maintenance Factor (IMF) 6
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Table C-3: 4 TATA Weights for Condition Assessment

Score [5i} Wi
Parameter / Inspection chack Valtage favat Good Acceplable Reed attention Poor Vary poot .
[wi}
4 3 2 1 0.01
DGA factor
Hycrogen (H,) Al TRF 55 531-100 101-300 303-700 > 700 2
Mathane (CH;) Al TRF Z5b 6-110 131-200 201-601 > €00 3
Lthane {CHe) Al TRF 530 35-65 G5-160 101-150 = 150 3
£thylene (C,H,) Al TRF <30 3t-50 31-100 101-203 > 200 3
Acetylene (C2H2) All TRF 0 1 735 36-30 > 30 &
Carbon Mone cdde (CO) All TRF S 200 101-350 353.900 501-14060 > 1400 1
Carbon dioxide (C0:) All TRF % 1000 1001-2500 F501-5000 5001-7000 > 7000 b
TDcG Al TRE 5 365 365-615 677-1635 1541-3130 > 330 ?
Dlf Test Factor
U £ 145kv 20 21-40 40-45 4550 =50
Malstre sontent i PPE) 15U sa%0 $15 1620 s 2630 >3 4
U 2 400 kv 10 i0-1% 16-20 21-75 225
Acidity of oil {in mg KOH/E) AITRF <01 0.1-0.2 4.2.0.25 0.25-0.3 >03 3
U = 135 &V 2 60 50-60 40-50 30-30 > 30
DBreak Down Valtege (in K 145 « tl;ll <400 2 60 50-60 40-50 3540 =135 2
Uz 400kY 2 EQ 50-60 45-50 4545 240
Dielecirkc Dissipation Factor at 80 All TAF =01 C.1:0.2 0.2-0.3 0.3-04 >04 2z
Specific resistznee |msistivity] at
80 deg. C (M : 10022 All TRFs »02 41.02 07501 Do5-0.075 Q.05 2
Furar Factat MITRF 305 0.5=20 20-3.5 35-5.0 250 &
Etectrical Testlng
Viinding Tan Delts €2 33 Beg. C All TRF 305 £.5-1.0 L0-20 2.5-50 =50 3
Winding Capacitonce wrl factoryl ) cpo < +5% 15~ £10% ¥10- £15% +15+220% >e20% 2
value / provicus tost rasults
Rate of Ase of Wirding Tan Belta) g <58 5.20% 10.20% 20-35% 35508 2
& 20 Dep. € wrt previoas resudts
1 - HV windirg {407} Al TRF
19— MY winding (M) AlLTRF » 2Ry VL >0 “(‘x:l’: tas |>0& ":‘:“‘:";" SOBL cospvey 1
1R = LV wanding {PAY) Al TRF
Pt - HV wiridirg all TRF >2.0 1.3-20 13-10 1605 <0.5
Pt = MY wirding All TRF 220 1320 1310 1005 <05 2
Pl LY winding All TAF z20 1320 1.3:-16 1005 <0.5
IR Core {Cate 1o tank] AMITAF >300 200 - 300 M Ok 50 200 150 <1 ]
HV Resiztanee betweer phasos All TRE <(5% 9.5 - 104 10 20% 203408 >3.0% d
RV Reslttants balweaen phases AllTRE < 1.5% 15-30% 30-4.0% 40-5.0% >5.0% 2
LV Resistance between phases <135% 15308 3.0-4.0% 40-5.0% »5.0%
Bushing Tar Delta @ 20 Deg. All TRF <0.5% 05.0.7% 0.7-15% 15-20% #2.0% 2
Bushing Capacitance virt fastenyt  yg e £26% 55+ 10 £10- £15% 15 -220% » 220 2
value / prevdods test resuits
Rate of rive of Bushing Tan Detta . ane
020 Deg. € vt previous resed1s Al§TRF < 5% 5-10% 10204 20.35% 35-50% 2
SFRA No daviation Minor daviation | Moderate deviation |Sigrificant deviation] Severe deviation | 3
Transfarmer Service Factor [TSE)
Load condition [in ALTRE <50 5020 BO-100 100-120 *120 3
Agre condition {in years| Al TAF <20 20-25 26-35 25-40 >40 3
: 2 T fasmer |
Mo of Fauls fed by Yranclarrer i)y ¢y Na fault a 15 510 >10 1
ihe moanth (in Nos.|
Max  Fauh cument sen byl g 5 2550 5090 9095 =595 1
fransformer in e month {in 35
inspection & Maintenance
) . . Major leakage Major leakage
nat b
Qif Leakage Al TRE Na fzakage Minar icakage which Mincr leakage which which can bz wihizh cannor be ?
can be attendad | cannot ba attended
attended attended
All working and All working fans /| 66 160% workirg / |33-G6% working fanz |[>33% working fans /
Cochag fan f unit coolers condition M) TRF standby fans Junit unil codlers und coolers fans Junitcoders umit conlers 2
coclers available avallable avatlable avallable asvailabla
Reading of OT1 (Maximum in Deg. All TRF <60 60-70 IG-80 82-90 =9D 2
Reading of WT| {baximumi in Deg. Al TRF 3E5 65-75 75-85 8595 »95 2
Minar dofects feund | Miner dafects found [Major defects found |Major defocts Foume]
Tharmo-usion tcanning Al THF Normal whuch can ba which carnet b which can ba which cannot be | 2
attendad Attented antended attend=d
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APPENDIX D. Some Aspects of Probability Theory

An independent vanable is the one controlled in an experiment, e.g., the Aeight above ground from
which an object is dropped; the #iwe it takes the object to hit the ground is a dependent variable,

The probability of an event, A, is the number of ways A can occur divided by the number of
possible outcomes. The probability of rolling 2 6 with a fair die is 1 in 6, or 16.67%. The sum of all
outcomes must total 100%, or a probability of 1.0.

D.1  Independent Probabilities

Independent probabilities are where for two events, A and B, the occurrence of A does not affect
the probability of B occurring. For example, the probability of rolling a 6 with a fair die is
independent of the outcome of tossing a coin. In abbreviated form, if event A is rolling a 6 with a
fair die, then the probability that event A occurs in a test (or trial, or experiment, etc.), P(A), is given
by:

PA)=1/6 or~16.67%

If event B is flipping a coin and getting heads, then the probability of B occurring is P(B):

PB) =% or 50%

For mdependent events, the probability of both occurring is the product of their individual
probabilities.

P (A and B) = P(A). P(B)

If the outcome of event A is known (L.e. the throw of the die), does that outcome affect outcome B?
The answer Is 1o, as they are independent. Therefore, the probability of B given the outcome of A,
P(B|A), 1s wutten just the same as the probability of B, which is P(B), which is 50%:

PB[A) =P®B) =05

Similatly, as A does not depend on B:
P(A|B)=PA)=1/6

D.2  Dependent or Conditional Probabilities

Conditional probabilities result when the outcome of one event influences the outcome of other
events.

Siumple examples of conditional probabilities often refer to drawing cards from a deck of cards or
colored balls from a container”. For example, what are the chances of first drawing a queen from a

15 Usually an urn, for some reason.
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deck of cards, and then, without replacing the queen, drawing a jackr Let event A be the drawing of
the first card as a queen and B be the drawing of the jack given that a queen swas drawn first. Then:

P(A) = 4/52 = 1/13
P(B[A) = 4/51

(51 cards left as a queen was drawn for the first event; if a queen was not drawn then the chances ae
0)

What is the probability that both events, A and B, will occur? It is the multiplication of the two
separate probabulities to yield P (A and B):

P (A and B) = P(A) x P(B|A) = P(A). P(B|A) = 4/52 x 4/51 = 16/2652 = 4/663 = ~0.6%

Tree diagrams are useful to help understand conditional probabilities—they do not indicate the
order of events, but list possible outcomes. For the two card drawing events, Queen and Jack, a tree
diagram may be as follows:

Event 1 Event 2 Qutcome
Yes: 4/51 w»  Queen then jack: 1/13*4/51

Yes: Second
1/13 » cardis

jack?

No: 47/51 &  Queen then other: 1/13%47/51
First card is
gueen?
No: Second Yes: 4/51 w Not queen then jack: 12/13*4/51
) & card is
12/13 jack?
No: 47/51 &  Not queen then other: 12/13*47/51

Figure D-1: Decision Tree for 2 Events

D.3 Bayes Theorem

(fll in the

The Rev. Bayes developed a theorem to calculate conditional probabilities when
blank with a common subset of requirements). For more in-depth analysis, see [52]:

- The sample space may be partitioned into mutmally-exclusive events (rains, does not rain).
- The probabulities evaluated for those exclusive events are available.

- There 15 an event B that is conditional on the exclusive events.
- There is the conditional probability for B for each mutually exclusive event.

In general terms for events A and B:
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P(A|B). P(B) = P(B[A). P(A)
An example may help; a subsequent tree dragram may also clarify the example.
A particular test for dug abuse is 95% accurate—that 1s, if the test is administered correctly it will:

- Indicate drug use in a drug user 95% of the time (true positive)

- Indicate no drug use in a drug user 5% of the time (false negative)

- Indicate no dmg use in a non-diug user 95% of the time (true negative)
- Indicate drug use in a non-drug user 5% of the time (false positive)

If a test mdicates a positive result, and prevalence of dmg use in the population is 1%, what is the
probabulity that the person tested is, in fact, a drug userr

In a Bayesian analysis, look at the two mutually exclusive results, call them Al and A2, and assign
probabilities:

- Al: the person is a drug user, which occurs 1% of the time so P(A1) = 0.01
- A2: the person is not a drug user, which occurs 99% of the time so P(A2) = 0.99

Note that there is no A3, or A4 as Al and A2 cover the complete possible range of drug user
posstbilities.

It is also known that the probability a test is correct is 95%; let B be the event of a positive fest and the
conditional probability of B given either Al or A2 can be examined:

- P(B|Al) = 0.95 as for a drug user, will be accurate 95% of the time (true positive)
- PB]A2) = 0.05 as for a non-drug user there is a 5% false positive rate

The probability of interest is P(A1[B), which is the probability that a person actually does take drugs
given that they test positive.

Use Bayes rule:
P(A1|B). P(B) = P(B|Al). P(Al) or P(A1|B) = P(B|Al). P(Al}/ P(B)

Now, find P(B) as that is not yet known, Use a common conditional expansion that covers the two
mutally exclusive options Al and A2:

P(B) = P(B|Al). P(Al) + P(B|A2). P{A2)

Which yields:

P(AL|B) = P(B|AL). P(A1)/ [P(B]Al). P(Al) + P(B|A2). P(A2)]

All of the terms are in the right hand side of the equation; substituting vields:

P(A1]B) = 0.95%0.01/ [(0.95*0.01) + (0.05 * 0.99)] = 0.16 or about 16%
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This result may seem surprising. The prevalence of the dmg use in the population significantly
affects the seeming validity of the resuit.

A tree diagram, based on a population of 10,000 people, may help:

- Given the prevalence of drug use, 100 people are diug users, and 9,900 are not.
- For the 100 drug users, 95 will test positive and 5 will test negative.

- For the 9,900 non-drug users, 495 will test positive and 9,405 will test negative.
- Therefore, there are (95+495) = 590 people who will test positive.

- Ofthose 590 people, 95 are true positives.

- So, the chances of a drug user testing positive 1s 95/590 = 0.16 or about 16%.

In summary, as a decision tree:

Population: Test Outcome
10,000 Yes: 95 » 95 true positive
Yes: 100 Test
w Positive?
No: 5 &  §false negative
Drug Use?
Test Yaes:; 495 w 495 false positive
No: 9,900
& positive?
No: 9,405 & 9,405 true negative

Figure D-2: Decision Tree for Drug Testing

This type of analysis is occasionally used to show the problem with dmg testing, as there is only 2
16% chance of a tme positive bemg obtained when a positive result is found. The inverse is that a
negative is overwhelmingly likely to be a true negative: 9405/9410 = 0.9995 or 99.95%.

Probability theory is often difficult to deal with in the abstract, but practical examples with real
numbers and decision trees usually help clarify.

D.4 A Practical Example of Bad Math Probability Analysis

When Nico Rosberg retired from Formula 1 racing after winning the 2016 World Championship,
there was much speculation as to his snccessor as Lewis Hamilton’s teammate, The BBC website
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gave a summary'® of possible drivers and their likely chances of getting the role. Only one driver can
become the teammate.

Table D-1 shows a number of entries from the BBC article and their estimated probabilities of
stccess.

Table D-1: Estimated Probabilities of Individual Driver Success

Driver Probability of
Success
Fernando Alonso 6/10
Daniel Ricciardo 6/10
Max Verstappen 4/10
Sebastian Vettel 8/10
Valtteri Bottas 9/10
Pascal Wehrlein 8/10

The problem in Table D-1 is that the sum of the individual and discrete ontcomes~—an individual
duiver’s success—sums to far greater than 100%. Looking at each value individually, the probability
estimates may seem reasonable, even justified, but the math is rigid, and the sum of values must be
100%. The values could be normalized or scaled to allow the summation to be correct, as shown in
Table D-2.

Table D-2: Normalized Estimated Probabilities of Individual Driver Success

Driver Probability Scaled % Probability
of Success Value
Fernando Alonso 6/10 1.47/10 14.7
Daniel Ricciardo 6/10 1.47/10 14.7
Max Verstappen 4/10 0.96/10 9.6
Sebastian Vettel 8/10 1.95/10 19.5
Valtteri Bottas 9/10 2.20/10 22.0
Pascal Wehrlein 8/10 1.95/10 19.5

The scaled values in Table D-2 are not as spectacular, but they are, at least, realistic!

16 wwrw. blbe.com/sport/formulal /38185491
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APPENDIX E. Combining Independent Probabilities
Independent factors are often assumed, but this may not be the case.
If the chance of rain on Saturday is 50% and the chance of rain on Sunday is 50%, then what are the

chances it will rain this weekend (that is, on Saturday or Sunday or on both days)? A tree diagram
helps identify the probabilities associated with outcomes.

Event 1 Event 2 Quicome
Yes: 50% »  Rainon Both days: 25%
fain on
Yes: 50% 7 Sunday?
No: 508 & Rain on Saturday only: 25%
Rain an
Saturday?
No: 50% Yes: 50% = Rain on Sunday only: 25%
% Rain on
Sunday?
No: 50% & Mo Rain on Both days: 25%

Figure E-1: Tree Diagram for Rain Probabilities

Event 1: “Rain on Saturday” has two outcomes, each assigned a probability of 50%.

Event 2: “Ram on Sunday” has two outcomes, each assigned a probability of 50%.

The tree indicates the 4 possible outcomes, with associated probability for that outcormne.

The chance of rain on the weekend is 75%, obtained by sumuming the probabilities for the
independent ontcomes. Independence also means that the mathematician does not have to cater for

the order of events.

The tree can be made more general by using:
- P1 for the probability of rain on Saturday, so (1-P1) for the probability of no rain on
Saturday
- P2 for the probability of rain on Sunday, so (1-P2) for the probability of no rain on Sunday

The diagram now becomes as shown in Figure E-2:
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Event 1 Event 2 Quicome

Yes: P2 %  Rainon Both days: P1.P2

Rain on
¥ Sunday?
No: (1-P2) = Rain on Saturday only: P1.(1.P2)
Rain on
Saturday?
Yes P2 w  Rain on Sunday only: (1-P1).{P2}
% Rainon
Sunday?
No: (1-P2) & No Rain on Both days: (1-P1).(1-P2)

Figure E-2: Generalized Tree Diagram for Rain Probabilities

If the desired value is the probability of having rain at all, that is, on either or both days, then sum
up all the probabilities for rain on different days, or use (1-P1). (1-P2) to calculate the probability
that there is 0o rain on any day, and subtract that from 1.

Thus:

Probability of rain P(R) = P1. P2 + P1. (1-P2) + (1-P1). P2
On:

Probability of ram P(R) = 1 — ((1-P1). (1-P2)}

This can be generalized to multiple days. If PN is the probability of rain on day N, then the
probability of rain on at least one day is:

P(R) = 1~ ((1-P1). (1-P2) ... (1-PN))

How does this relate to PoF for an asset? If there are a number of independent factors, each of
which has an estimate of probability of causing failure, then a probability that the asset will fail
because of those factors can be calculated.

If the factors are identified by letter, A, B... and the probability of failure for each factor is
designated P(A), P(B) etc., then use the same approach as for rain: (1 — P(A)) is the probability of
surviving factor A.

The probability of surviving P{Survive) is given by:

P(Survive} = (1 - P(A)). (1 = P(B)). (1 - P(C)). (1 —=PD)) ... (1 —PANY

And:

P(Fail) = 1- P(Survive)
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This 1s the approach, used in Microsoft Excel™, to combine probabilities in Table E-1. For three
mdependent factors,

Table E-1 shows some values for the individual probability of an event and the combined
probabulity of at least one event occurring. If the event is failure, the P(Survive) and P(Fail) can be
calculated.

Table E-1: Combining 3 Independent Probabilities

P(A) P(B) P(C) Overall Overall
P(Survive) P(Faif)

Probabilities | 0.01 0.01 0.01 0.970 0.030
0.02 0.02 0.02 0.941 0.059
0.005 0.005 0.005 0.985 0.015
0.9 0.9 0.9 0.001 0.999
0.01 0.02 0.03 0.941 0.059
0.1 0.2 0.3 0.504 0.4%6
0.25 0.25 0.25 0.422 0.578
0.002 0.002 0.1 0.896 0.104

Table E-1 shows that for three independent PoFs, the combined PoF has a value somewhere
between the maximum of the individual factors and the sum of the factors.

Caveat: 1t is often assumed that factors are independent when they are, in fact, not. When looking at
DGA values, there is a PoF which can be deduced based on hydrogen; the value for PoF for
acetylene may also be calculated, but it is probably not independent of PoF based on hydrogen, as
both may have a common cause and be a symptom of that cause. Much the same happens with
rain—the likelihood of rain tomorrow correlates strongly with the actuality of rain today; the two are
dependent.
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APPENDIX F. On Time

This 1s a brief discussion of the role that time plays in asset condition and the development of an
asset condition assessment. Asset condition is not a constant; thus, the estimate of the condition
based on available data and analyses may change over time.

F.1 Effects of Time, and Resulting Relative Timescales

Time enters info consideration in a mumber of ways. Table F.1 indicates relative timescales which
vary from short (milliseconds to seconds) to long (months to years). At this point, do not define
actual timescales, as times for generating data, assessing data, and planning intervention may be
short/medium/long-term varying. It is up to the relevant stakeholders to characterize in detail what

these terms (short, medium, long, etc.) mean in their technical/business/asset management context.

Table F-1: Assets, Timescales and Variance

Case Time Variance Timescale for Variance
Asset Asset condition is variable over time — usually | Short - long:
condition detericrating, not improving; the rate of change is a
variable and may accelerate as we get closer to
failure. Nowlan and Heaps [55] RCM curves may
apply to an individual asset
Data Some data will be relatively static — nameplate data, | Short - long:

say; measured parameters may vary at different
rates with time — PD values may vary extremely
rapidly; the frequency with which measurements are
made must be relevant to the dynamic nature of the
data itself

Depending on failure mode to
be identified and tracked

Failure modes

Some deterioration will lead to failure modes
evolving rapidly over time, accelerating, as it were,
while other modes develop more gracefully; the rate
of change of failure mode may imply a need for a
change in generation or update of data

Short — long:
Depending on evolution of
failure mode

Data Measured values will have less relevance as they | Short - long:

relevance become older Depending on failure mode

Assessments | As conditions change and deterioration evolves, the | Updated on change of data
need for more frequent assessments may follow; | which relates to failure mode
note an assessment is a more detailed review than a | and raw data
standard AHI

Planning As condition deteriorates, we may need to respond | Short — long:

Intervention in different timescales for different failure modes, | Depending on failure mode,
depending on the suspected evolution of the failure | rate of change of mode, and
mode and the increasing likelihood of failure or the | the  asset  management
inability for an asset to perform its function context

Asset The success of an assessment program itself should | Medium - long:

Management | be reviewed over time to check that it is providing | It is good practice to review

Assessment value performance of assessments

review in an appropriate timescale
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E.2  Spectrum of Timescales

It may be considered that if there were no asset deterioration, there would be no condition-based
failure modes to cause concern—failures would be governed by external causes of failure, such as
may be related to weather, animal incursion, switching incidents, vandalism, etc. Further
considerations, such as the role of design/manufacturer-specific issues in allowing specific failure
modes within a transformer to develop in preference to others, may themselves be effectively
constants; the result, however, is still deterioration.

Table F-1 considers the role of time in different cases and uses qualitative descriptions: short,
mediumn, etc. Table F-2 looks at giving some possible values to those words across a spectrum of

tme.

It must be stressed that the actual timescales for acdon will depend on the failure modes considered,
their timescales for evolution, and the business context of the individual organization.

Table F-2: Terms, Timescales, and Applications

Term Timescale Comment or application

Immediate Within seconds Protection would be included here; responding to
high-level PD alarms or bushing monitoring

Very short Within hours to days | Response to other high-level monitoring alert
indicating rapidly-evolving and close to end-of-life
condition

Short term Days to 1 month More gracefully evolving condition; thermal issues

Soon Same as "Short term”

Medium term | 1 months to 1 year Operational respenses will have a different need than
strategic responses; maintenance planning and capital
programs overlap

Near long 1-5 years
Long term > 5 years
Foreseeable | >15 years At this point, individual condition assessments have
future very little precision or accuracy and we're indulging in

statistics

In Table F-2, the timescale terms are monotonically getting larger, but not uniformly—in linear,
loganthmic, or exponential manners. For example, the Very Short timescale is effectively 1,000s of
tmes larger than the previous category, Immediate. However, the Short Term may only be a few
tunes larger than the Very Short. This lack of uniformity is not an issue, as long as the timescales are
understood and appropriate actions and responses are planned and carried out as necessary.

Each organization must come up with generic and calibrated timescales such that they have both
clear and consistent meaning in their application across the organization.

Failure to do so will lead to an inconsistency of results and inability to justify decisions under review
or andit.
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